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Abstract: Adipose tissue releases bioactive mediators called adipokines. This review focuses on the
effects of omentin, vaspin, cardiotrophin-1, Tumor necrosis factor-like Weak Inducer of Apoptosis
(TWEAK) and nephroblastoma overexpressed (NOV/CCN3) on obesity and diabetes. Omentin is
produced by the stromal-vascular fraction of visceral adipose tissue. Obesity reduces omentin
serum concentrations and adipose tissue secretion in adults and adolescents. This adipokine
regulates insulin sensitivity, but its clinical relevance has to be confirmed. Vaspin is produced
by visceral and subcutaneous adipose tissues. Vaspin levels are higher in obese subjects, as well as
in subjects showing insulin resistance or type 2 diabetes. Cardiotrophin-1 is an adipokine with a
similar structure as cytokines from interleukin-6 family. There is some controversy regarding the
regulation of cardiotrophin-1 levels in obese -subjects, but gene expression levels of cardiotrophin-1
are down-regulated in white adipose tissue from diet-induced obese mice. It also shows anti-obesity
and hypoglycemic properties. TWEAK is a potential regulator of the low-grade chronic inflammation
characteristic of obesity. TWEAK levels seem not to be directly related to adiposity, and metabolic
factors play a critical role in its regulation. Finally, a strong correlation has been found between
plasma NOV/CCN3 concentration and fat mass. This adipokine improves insulin actions.
Keywords: adipokines; omentin; vaspin; cardiotrophin-1; TWEAK and NOV/CCN3
1. Introduction
Adipose tissue was originally considered to be a passive reservoir for energy storage, mechanical
and heat insulation, and to participate in the regulation of thermogenesis [1]. Nowadays adipose
tissue is regarded as an active endocrine organ which, in addition to regulating fat mass and nutrient
homeostasis, also releases a large number of bioactive mediators called adipokines. In fact, over
recent decades, adipose tissue has turned out to be an extraordinarily active endocrine organ [2,3].
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The secretion of adipokines seems to be depot specific, with some of them primarily secreted in visceral
adipose tissue and others in subcutaneous adipose tissue [3].
Adipokines influence the adipocyte function in an autocrinic or paracrinic manner and also affect
multiple metabolic processes endocrinically [4]. Adipokines participate in the regulation of multiple
biological processes, such as feeding behavior, insulin sensitivity, inflammation, angiogenesis, blood
pressure, fibrinolisis, immunity, and vascular homeostasis.
The present review focuses on several of the recently discovered adipokines, omentin-1, vaspin,
cardiotrophin-1, TWEAK and NOV/CCN3. More specifically, it focuses on their relationship with
obesity, insulin resistance and diabetes. In the case of omentin-1 and vaspin, the review mainly
describes those studies carried out in humans. As far as rodent studies are concerned, those describing
mechanisms of action have also been included in order to better characterize the actions of these
adipokines. In the case on the other three adipokines, due to the small number of studies addressed in
humans, those performed in rodents have also been described.
2. Omentin
Omentin is a 38–40 kDa adipokine which was identified from a cDNA library in visceral omental
adipose tissue by Yang et al., in 2003 [5]. Adipose tissue is mainly composed by mature adipocytes,
but there is also a mixed population of cells known as the stromal-vascular fraction, which includes:
preadipocytes, macrophages, lymphocytes, endothelial cells [6]. Omentin is predominantly produced by
the stromal-vascular fraction of visceral adipose tissue, but not by mature adipocytes [7]. It is not known
so far which of these cell types expresses omentin. The production of omentin by subcutaneous adipose
tissue is extremely low [7]. Thus, omentin is among the first molecules known to exhibit such a dramatic
difference in gene expression between the two major fat depots. In addition, other cells, unrelated to
adipose tissue, such as intestinal Paneth cells [8], can also contribute to omentin production in the body.
Moreover, omentin is scarcely expressed in mouse visceral adipose tissue. This finding suggests that in
all likelyhood this adipokine plays a more important role in humans than in mice [7].
There are two omentin genes, located adjacent to each other in the 1q22–q23 chromosomal
region, which produce omentin-1 and omentin-2 [9]. Both isoforms show different pattern of tissue
expression. In humans, omentin-1 is the predominant isoform in plasma and adipose tissue [10].
The administration of glucose and insulin to human omental adipose tissue explants results in a
dose-dependent reduction of omentin-1 expression. Furthermore, prolonged insulin-glucose infusion
in healthy individuals induces a significantly decreased plasma omentin-1 concentration [5]. These
results suggest that omentin-1production is under glucose and insulin regulation.
Physiological concentrations of omentin-1 in humans are in the range of 100–800 ng/mL [11].
It is known that its expression and production are modified in several pathological situations, such as
obesity and insulin resistance. Omentin-1 expression is also altered in inflammatory states [12]. Thus,
taking into account that obesity itself is associated with low levels of chronic inflammation, this may
contribute to the increase in omentin-1 concentration observed in obese subjects.
2.1. Omentin and Obesity
With regard to obesity, De Souza Batista et al. (2007) reported that serum omentin-1 concentration,
as well as visceral adipose tissue omentin expression, were significantly lower in overweight and
obese subjects than in lean ones [13]. In this study, a sex difference in circulating omentin-1 levels was
also observed when comparing all women with all men, adjusted for body mass index (BMI), and
when comparing lean women with lean men. Women showed higher concentration of circulating
omentin-1 than men. This is in line with the study reported by Tan et al. where the expression of
mRNA for omentin-1 in adipose tissue and omentin-1 serum concentration correlated negatively
with 17β-estradiol [14]. Moreover, in such study significant negative correlations, based on variance
components analysis adjusted for sex, age, and family structure, were found between plasma omentin-1
concentration and BMI, waist circumference and homeostatic model of assessment for insulin resistance
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(HOMA-IR). The authors emphasized that circulating total serum adiponectin concentrations were
positively correlated with plasma omentin-1 values. They proposed that an inverse relationship
between obesity and both omentin-1 and adiponectin may suggest similar regulation.
Similarly, Auguet et al. (2011) reported significantly lower serum omentin-1 level in morbidly
obese women than in normal weight women, and that this concentration inversely correlated with
glucose metabolism markers. Moreover, omentin expression in visceral adipose tissue was significantly
lower in the morbidly obese women [15]. Also, in morbidly obese subjects, Cătoi et al. (2014) found
that omentin-1 levels were decreased when compared with normal weight healthy subjects, and that
they were inversely associated with chronic inflammation. Finally, they reported that two of the main
modulating factors seemed to be hyperglycemia and BMI [16].
The relationship found between omentin-1 and obesity has also been found in adolescents and
children. Os´wie˛cimska et al. (2015) measured plasma omentin-1 concentration in lean and obese
adolescent girls (1516 years old) not showing metabolic alterations. They observed that it was significantly
lower in obese than in normal weight girls. The differences were still present after adjustment for
BMI [17]. In the case of children, Catli et al. (2013) reported lower serum omentin-1 concentration in
obese children. Moreover, this parameter was negatively correlated with BMI, waist circumference,
HOMA-IR and insulin levels, suggesting that omentin-1 might be a biomarker for metabolic dysfunction
also in childhood [18]. Nevertheless, there are also a study showing that higher circulating omentin-1
was associated with a less favorable metabolic profile, which includes insulin resistance, markers of
adipose tissue metabolism, blood pressure and family history of metabolic dysfunction, in asymptomatic
pre-pubertal children (7 years old). The authors concluded that this fact can represent a compensatory
mechanism whereby omentin-1 attenuates these metabolic abnormalities [19].
Taken together these results clearly show that obesity reduces serum omentin-1 concentration
and adipose tissue secretion in adults and adolescents. In the case of children, the reduced number of
reported studies and the discrepancies between them indicate that further studies are needed to be
sure if the same is true in this population.
Conversely, body weight reduction induces increased omentin-1 serum concentrations. As far
as energy restriction, the main tool used in obesity treatment, is concerned, Moreno-Navarrete et al.
(2010) reported a significant increase in serum omentin-1 concentration in obese subjects submitted
to a daily energy deficit of 500–1000 kcal/day for 4 months [20]. With regard to potential sexual
dimorphism, the results reported by these authors were not in good accordance with those published by
De Souza Batista et al. (2007) [13] in overweight and obese subjects, because omentin-1 concentration,
measured by ELISA, was higher in men than in women, although the increase induced after weight
loss was similar in both groups. It is important to point out that in the study reported by De Souza
Batista et al. [13] omentin was measured by western blot. Thus, the discrepancy between both studies
could be due, at least in part, to the different analytical approach.
In the study reported by Urbanová et al. (2014) a stronger energy restriction was used as a
therapeutic strategy. Morbidly obese women, showing type 2 diabetes or not, underwent a 2-week very
low calorie diet (VLCD) with 600 kcal/day intake. Surprisingly, this dietary strategy had no significant
effect on serum omentin-1 concentrations in any group studied. Although the main depot involved in
omentin production is visceral adipose tissue, the authors measured mRNA expression of omentin-1 in
subcutaneous adipose tissue and observed that it was not affected by VLCD in any group studied. The
researchers considered that the lack of effect could be due to the short-term dietary intervention [21].
Another important strategy used in the treatment of obesity and glucose homeostasis alterations
(insulin resistance and diabetes) is to increase physical activity. In this context, Saremi et al. (2010)
observed that, at baseline, normal weight participants had significantly higher serum omentin-1
concentrations than did overweight and obese participants, and there were inverse correlations
between omentin-1 and waist circumference, fasting glucose, and insulin resistance. After the aerobic
training, waist circumference, percentage of body fat, fasting glucose and insulin resistance significantly
decreased in overweight and obese subjects, while serum omentin-1 concentration significantly
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increased [22]. These findings suggest that exercise-induced changes in omentin-1 may be associated
with the beneficial effects of exercise on insulin sensitivity and weight reduction.
Other authors have also reported data concerning the effects of exercise. Thus, Aminilari et al.
(2017) addressed a study to compare the impact of 12 weeks of aerobic exercise, resistance exercise or a
combined program of aerobic and resistance activity on HOMA-IR, serum omentin-1 concentration
and in body fat, in middle-age diabetic women [23]. Fasting blood sugar decreased significantly in all
intervention groups, while HOMA-IR decreased only in the aerobic and combined exercises groups.
Furthermore, there was a significant increase in the omentin-1 level only in the combined exercise
group. Similar results have been found by other authors in children. Thus, after 16 weeks of an exercise
training program, obese children showed weight loss, which was accompanied by decreases in BMI,
waist circumference, body fat percentage, insulin, and HOMA2-IR, although the subjects remained
obese because of the short intervention. Furthermore, serum omentin-1 levels were also significantly
increased. Negative significant correlations between omentin-1 changes and changes in BMI, waist
circumference, body fat percent, fasting serum insulin levels and HOMA2-IR were also found. Based
on the results of multiple linear regression analyses, the authors revealed that changes of BMI and
insulin levels were independent predictors of the difference observed in serum omentin-1 levels after
an exercise program [24].
However, in other studies changes in omentin-1 plasma levels from overweight women
(aged 25–45 years) after an exercise program, consisting of rhythmic aerobic exercise (55–85% maximum
heart rate) along with core stability training, were not found [25]. As stated by the authors, a more
intense training seems to be required to significantly modify plasma omentin-1 levels.
The conclusion of these studies is that the strategies used to induce a reduction in body weight,
such as dietary energy restriction and physical activity, are effective in correcting the alterations
induced in omentin-1 serum concentration induced by overweight and obesity.
2.2. Omentin and Alterations in Glycemic Control
As far as alterations in glycemic control are concerned, several authors have documented lower
levels of serum omentin-1 in nascent metabolic syndrome; even after correction for obesity [26].
Shang et al. (2011) also reported lower serum omentin-1 concentration in patients with metabolic
syndrome, however they did not correct data for the increased BMI and waist circumference, and thus
they were unable to conclude that this correlation was a feature of metabolic syndrome per se [27].
Vu et al. (2014) carried out a study to determine the relationship between circulating omentin-1
concentration and components of the metabolic syndrome in adults without type 2 diabetes. They also
evaluated whether sexual dimorphism existed for such relationships. Unlike other studies, no differences
between subjects with or without metabolic syndrome were found [28]. The authors considered that this
discrepancy with other studies was likely to be due to differences in study designs (e.g., inclusion and
exclusion criteria, percentage of men and women, and age of subjects). Moreover, differences in terms of
subject medication also existed among these studies. With regard to sexual dimorphism, no significant
differences between men and women were observed when the entire study cohort was analyzed; however,
men with metabolic syndrome had lower plasma omentin-1 concentrations than women did.
Moreover, studies in subjects showing type 2 diabetes have been addressed. Pan et al. (2010)
carried out a study devoted to comparing serum omentin-1 levels in (a) subjects with normal glucose
tolerance, (b) subjects with impaired glucose regulation, and (c) subjects with newly diagnosed and
untreated type 2 diabetes [29]. Omentin-1 concentrations of fasting and 2 h post-glucose load were
significantly decreased in diabetic subjects, as well as in subjects with impaired glucose regulation,
when compared with the control group. Within each group, there was no difference in omentin-1
concentration before and after glucose load. Later, El-Mesallamy et al. (2011) observed significantly
reduced serum omentin-1 concentration in type 2 diabetes patients, even after adjustment for the
effect of some covariates such as age or BMI. Furthermore, simple linear analysis reflected that serum
omentin-1 concentration was significantly negatively correlated with BMI, fasting blood glucose and
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HOMA [30]. Other authors also found lower omentin-1 concentrations in plasma in pre- or diabetic
obese patients compared to normoglycemic subjects in a cross-sectional study [31].
Moreover, Wittenbecher et al. (2016) evaluated the longitudinal association of omentin-1
concentrations with the risk of type 2 diabetes. This observational study was based on 2500
randomly selected participants of the European Prospective Investigation into Cancer and Nutrition
(EPIC)-Potsdam cohort. Despite inverse associations of omentin-1 with measurements of body fat
and direct associations with adiponectin, the authors found no indication of a diabetes protective role
of omentin-1 in prospective analyses. Unexpectedly, data suggested an elevated omentin-1–related
diabetes risk among participants with high adiponectin concentrations [32].
The relationship between omentin-1 and diabetes is not limited to type 2 diabetes. Polkowska et al.
(2016) observed the same situation in type 1 diabetes. Thus, serum omentin-1 concentration was
significantly lower in children showing this type of diabetes than in control children, independently of
the duration of this pathology [33].
2.3. Signaling Pathways Involved in the Metabolic Actions of Omentin
Given the above studies, scientific evidence clearly supports the role of omentin in obesity and
glucose metabolism regulation. However, knowledge concerning the mechanisms involved are scarce
so far. Brunetti et al. suggested that omentin could be involved in regulation of appetite. They observed
that the central infusion of omentin-1 in Wistar rats (8 µg/kg body weight) did not show any acute
effect on food intake, nor on the hypothalamic gene expression of agouti-related protein (AgRP),
neuropeptide Y (NPY), orexin-A, amphetamine-regulated transcript (CART), corticotropin-releasing
hormone (CRH) and pro-opiomelanocortin (POMC) [34]. By contrast, when omentin was administered
intraperitoneally for 14 days it increased food intake (beginning on day 10) and body weight (beginning
on day 12). Both in vivo and in vitro experiments showed a neuromodulatory role for omentin-1 on
peptidergic and aminergic signaling. Omentin-1 reduces CART and CRH gene expression, in the
hypothalamus, but no NPY, POMC, AgRP and orexin-A [35]. An increase in hypothalmic L-dopa and
norepinephrine synthesis, without changes in dopamine and serotonine, was also observed [35].
With regard to glycemic control, Yang et al. (2006) observed insulin-stimulated glucose transport by
increasing protein kinase b (Akt) phosphorylation (and thus activation) in human adipocytes, suggesting
that omentin may improve insulin sensitivity [7]. The researchers also observed that omentin, enhanced
only insulin-mediated glucose transport and did not stimulate basal glucose transport on its own,
indicating that it has no intrinsic insulin-mimic activity. In addition, omentin increased the activity of
insulin receptor substrate (IRS) due to the inhibition of mammalian target of rapamicin (mTOR-p70S6K),
which in turn is a consequence of AMP protein-kinase (AMPK) activation [11].
Figure 1 summarizes the main actions of omentin-1 in adipose tissue and hypothalamus.
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3. Vaspin
Vaspin (visceral adipose tissue-derived serpin, serpinA12) is a member of the serine protease
inhibitor family of serpins, recently proposed as a good-reliability biomarker, along with other
pro-inflammatory adipokines, in evaluating exposure-disease associations [36]. Vaspin structure
is made up by three β-sheets, nine α-helix and an exposed flexible reactive central loop (RCL) [37].
It was identified for the first time by Hida et al. in 2000 in the visceral adipose tissue of a rat model
of obesity and type 2 diabetes (Otsuka Long-Evans Tokushima fatty rat; OLETF) [38]. The authors
observed that the expression of this adipokine reached its highest values at the age when plasma
insulin levels and obesity peaked. As the diabetes worsened, the expression of vaspin decreased [39].
Human vaspin protein is constituted by 414 amino acids (412 and 414 amino acids in rat and
mouse vaspin, respectively) and has a 40% homology with α1-antitrypsin [39]. Vaspin is produced
in humans by several tissues: adipose tissue, liver, skeletal muscle, pancreas and skin; the highest
production is found in liver [40,41]. Unlike OLETF rats, vaspin expression was not restricted to visceral
fat in humans, in fact, it was detectable in 23% of the visceral and in 15% of the subcutaneous adipose
tissue samples in the study reported by Klöting et al. [42]. Moreover, in human adipose tissue, vaspin
gene expression seemed to be differentially regulated in function of the fat depot [42]. Moreover,
Lee et al. demonstrated that vaspin expression was greater in adipocytes than in the stromal vascular
cell fraction of abdominal visceral adipose tissue [10]. Interestingly, these results are consistent with
those previously found in OLETF rats [39].
Several studies have found higher vaspin concentrations in adult women compared with
men [43–47], whereas others did not [48–51]. Based on the results obtained in omental tissue
explants [52] some authors have proposed that visceral vaspin levels in women may be due to
estrogens. However, in the study reported by Seeger et al. (2008) women were post-menopausal [44].
On the other hand, Xu et al., in their study devoted to analyzing the correlation between plasma
vaspin and aging, reported that plasma vaspin increased with aging in both males and females but to
a smaller extent in males [53]. However, the authors declared some limitations of the study including
that they did not assess menopausal status, which might affect vaspin plasma concentrations [54].
Consequently, further studies are needed to know whether sexual dimorphism exists with regard to
the production of vaspin. As far as younger populations are concerned, Körner et al. observed that
vaspin increased with puberty in girls, but not in boys [40]. Ko et al. did not find gender differences
in serum vaspin levels when pre-pubertal Korean children were studied [55]. This is in accordance
with the study reported by Körner et al. which shows that gender differences arise during pubertal
progression in girls and are not present in pre-pubertal children [40].
An interesting aspect is the circadian rhythm of vaspin. Thus, Jeong et al. studied 24-h profiles
of circulating vaspin concentrations in relation to meal ingestion in healthy adults. Serum vaspin
concentrations had a meal related diurnal variation, with a pre-prandial rise and a post-prandial fall.
The diurnal pattern of serum vaspin concentrations was reciprocal to that of insulin and glucose,
suggesting that the postprandial decrease in serum vaspin levels may be caused by energy intake
itself or by increased insulin and/or glucose plasma concentrations [56]. Later on, Kovacs et al.,
demonstrated that the previously observed meal-related decreases in serum vaspin concentrations
observed by Jeong et al. were indeed mediated by insulin, independently of nutrient intake and
glucose concentrations [57].
The influence of physical activity on vaspin production has also been reported in the literature.
Thus, Youn et al. conducted a study to analyze the effects of a training protocol (3 sessions of 60 min
per week) on the circulating vaspin concentration in Caucasian subjects. They found greater serum
vaspin levels after following the training protocol (when comparing with baseline values) in subjects
with different glucose tolerance levels (normal, impaired and type 2 diabetes), and they concluded that
elevated circulating vaspin during the first weeks of physical training could mediate the improvement
of insulin resistance in response to exercise [43]. Subsequently, to further elucidate the putative effects
of physical exercise on circulating vaspin in healthy young men, this research group analyzed serum
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concentrations in response to two different exercise interventions: (a) before and after 1 h of resistance
circle training and (b) before and after a 4-week exercise intervention. The experimental groups used
in this study were (a) athletes, (b) previously trained lean, (c) previously untrained lean subjects or (d)
previously untrained obese subjects. The conclusion of this study was that increased oxidative stress
following short-term and long-term physical training decreases vaspin serum concentration, whereas
changes in insulin sensitivity do not seem to regulate circulating vaspin [58]. In view of these results
they proposed that the increase in serum vaspin concentrations found in patients with type 2 diabetes,
normal or impaired glucose tolerance, in their previous study [43] either suggested that patients had
unrecognized antioxidant supplementation and thus increased oxidative stress induced by exercise
did not take place, or that the training intensity in this previous study was not sufficient to chronically
increase oxidative stress.
3.1. Vaspin and Obesity
With regard to this issue, while several studies showed an association between vaspin and
obesity [43,52,59–61], others did not find it [15,54].
Auguet et al. (2011) reported that serum vaspin levels were not increased in morbidly obese
women and that they did not correlate with BMI and markers of glucose or lipid metabolism [15].
Similarly, Sperling et al. (2016) found no differences of vaspin concentrations depending on body
weight and body fat in a study carried out with obese individuals categorized into two groups, differing
in their normal or abnormal response to a glucose tolerance test [54].
In the study reported by Cho et al. (2010), the relationship among BMI, cardio/respiratory fitness
(CRF) and serum vaspin levels was analyzed in young Korean men. The main conclusion of this
study was that high body fatness and low CRF were associated with increased serum vaspin levels.
The authors suggested that the vaspin increase could act as a compensatory mechanism against insulin
resistance (as it was shown by increased fasting insulin and HOMA-IR) [59].
Furthermore, Youn et al. analyzed the influence of BMI and body fat on vaspin production
in normal glucose tolerant Caucasian subjects. Serum vaspin concentration was lower in subjects
showing normal weight than in subjects showing overweight; this value was in turn lower than that
found in obese subjects. Moreover, the authors divided the subjects into two BMI matched groups
(26 kg/m2) with different percentage of body fat (<20% or >20%). In this case, higher serum vaspin
concentrations were found in the group of subjects with >20% body fat [43]. This association has also
been found in subjects with metabolic syndrome. Tan et al. observed that serum vaspin concentration
correlated positively with BMI, waist circumference and percentage of body fat, which all reflect the
degree of obesity. Among these variables, the percentage of body fat was associated most strongly with
vaspin concentration [52]. Further, the same positive association between serum vaspin concentrations
and body fat mass was reported in a study involving obese and healthy volunteers [61]. Interestingly
in the study reported by von Loeffelholz et al. an interaction between serum vaspin, sex and BMI was
found in normal weight and lean subjects, while no such association was detected in individuals with
a BMI ≥ 25 kg/m2 [45]. Chang et al. (2010) conducted a study devoted to analyzing the association
between serum vaspin concentrations and abdominal adiposity. For this purpose, visceral adipose
tissue depot (VAT) area and homeostatic model assessment of insulin resistance (HOMA-IR) were
measured. The authors observed a strong correlation between serum vaspin concentrations and VAT
area when HOMA-IR was high [51]. Later on, Saboori et al. demonstrated that plasma vaspin level
was higher in obese women than in normal weight women. In this study participants were matched
by age and physical activity [60].
Finally, it is important to point out that a recent meta-analysis covering six studies with 1826
participants found significantly higher levels of serum vaspin in obese subjects [62]. The discrepancies
in the relationship between vaspin serum concentrations and BMI or body fat values among the
reported studies suggest that vaspin concentration may be dependent on several variables, such as
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gender, age, physical activity, hormonal metabolism (pubertal, period preceding menopause and
post-menopausal women) or administered drugs [63].
Studies concerning the association between vaspin and obesity are not restricted to adults.
Younger subjects have also been analyzed by other authors, although data are still scarce.
Martos-Moreno et al. addressed a study in pre-pubertal Caucasian children and demonstrated
that obese children had similar vaspin levels compared with lean controls [64]. By contrast, higher
circulating visfatin levels in obese children and a positive correlation with BMI had been previously
reported by other authors. Thus, Ko et al. found that elevated vaspin concentrations were related
to obesity in pre-pubertal Korean children, after adjustment for sex, blood pressure, biochemical
parameters, and other adipokines [55]. The authors suggested that the discrepancy may be partly
explained by different population origins of subjects, or different definitions of obesity in children.
In addition, the study reported by Ko et al. had a larger sample size and all children were the same age.
In several studies showing reductions in body weight, associated to different strategies, decreases
in serum concentrations of vaspin have been found, reinforcing the idea that there is an association
between obesity and this adipokine. Thus, Chang et al. reported decreased concentrations of serum
vaspin after a modest weight loss in obese subjects, accompanied by improvements in parameters
of insulin sensitivity [65]. The weight reduction program consisted of 12 weeks of individual
intervention sessions designed to implement behavioral strategies related to eating and physical
activity. Participants were instructed to reduce their daily energy intake by 500 kcal and were
administered Orlistat. This decrease in vaspin concentration was concomitant with reductions in
waist circumference, which is a useful index of central obesity. A limitation of this study was that
abdominal fat distribution was not measured. Nevertheless, taking into account that modest weight
loss was associated with the preferential loss of visceral rather than subcutaneous fat, the authors
proposed that the decreased waist circumference may reflect the reduction in the accumulation of
abdominal, particularly visceral fat. Thus, decreased vaspin concentrations may be associated with the
reduction of visceral fat during the weight reduction program. Notably, strong correlations between
changes in serum vaspin concentrations and changes in body weight, BMI, waist circumference, and
hip circumference during the intervention were observed only in insulin resistant subjects. The authors
proposed no explanation for this issue. Other authors have analyzed the effects induced in vaspin by
body weight reduction associated to bariatric surgery. Handisurya et al. reported decreased levels
of vaspin in the serum of morbidly obese subjects 12 months after laparoscopic Roux-enY gastric
bypass (RYGB) surgery [50]. Similarly, Golpaie et al. demonstrated that restrictive bariatric surgery
was accompanied by a significant decrease in serum vaspin concentrations [66].
3.2. Vaspin and Alterations in Glycemic Control
The evidence concerning the association between vaspin and glycemic control is clear [62]. As a
matter of fact, a connection between vaspin and glycemic control was established since this adipokine
was initially identified in a genetically obese and diabetic rat model [38]. As described below significant
correlations between vaspin and several parameters related to glycemic control have been identified
in subjects showing different metabolic features. Kloting et al. carried out a study in Caucasian
subjects with BMI ranging from 21 to 54. Some of them showed normal insulin sensitivity, others
impaired glucose tolerance, and finally others were diabetic. Interestingly, vaspin mRNA expression
was not detectable in lean subjects with normal glucose tolerance, but can be induced by increased
fat mass, decreased insulin sensitivity, an impaired glucose tolerance. Vaspin mRNA expression was
more frequently observed in subjects with type 2 diabetes. According to Wada (2008) [67] the authors
suggested that induction of vaspin mRNA expression in human adipose tissue could represent a
compensatory mechanism associated with obesity, severe insulin resistance, and type 2 diabetes [42].
In another study, carried out in normal weight Korean women who showed no alterations in glycemic
control, serum vaspin concentration significantly correlated with fasting insulin and HOMA-IR [10].
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Significant correlations were also found in subjects showing metabolic syndrome. Tan et al.
observed that serum vaspin concentration was significantly higher in men with metabolic syndrome
than in men without the syndrome. By contrast, no differences were observed in women. Moreover,
among men with diabetes, vaspin concentration was lower in subjects with a longer duration of
diabetes or microvascular complications [52].
In the above studies, significant correlations were found between several metabolic parameters
and serum vaspin concentrations. In addition, Goktas et al. [41] reported that mesenteric adipose
tissue vaspin protein concentrations were positively correlated with HOMA-IR and blood HbA1c
levels in morbidly obese patients. Additionally, diabetic subjects had about 3-fold higher mesenteric
adipose tissue vaspin concentrations than non-diabetic and pre-diabetic subjects. In this study diabetic
and pre-diabetic subjects had higher plasma vaspin concentrations than non-diabetic subjects.
In line with these observations, in a study devoted to analyzing serum vaspin concentrations in
newly diagnosed diabetic-obese and newly diagnosed diabetic-lean patients, and to compare them
with those of non-diabetic obese or healthy subjects, the authors found that serum vaspin concentration
was higher in diabetic-obese than in non-diabetic obese individuals. Since the authors included in
the study only newly diagnosed diabetic patients, they concluded that, at the beginning of type 2
diabetes mellitus, vaspin might have a compensatory role [61]. The authors also declared that after
diabetes treatment, or in cases of longer duration of this pathology, serum vaspin concentrations may
be reduced.
An interesting study was reported by Li et al. Firstly, they observed higher serum vaspin
concentrations in subjects with type 2 diabetes than in those showing impaired glucose tolerance or
normal glucose tolerance [68]. When diabetic subjects were treated with intensive insulin therapy, by
using insulin pumps, both postprandial and fasting blood glucose were almost normalized within
7 days, and euglycemia was maintained for 2 weeks. Along with an improvement in glucose
metabolism, they observed a dramatic decrease in fasting plasma vaspin concentrations in these
patients. The reduction in plasma vaspin levels was found to be associated with the amelioration of
insulin sensitivity, shown by the changes in HOMA-IR. The authors concluded that the regulation of
circulating vaspin might have been influenced by metabolic control and insulin resistance. Decreased
circulating vaspin concentration could mediate the improvement of insulin resistance in the patients
with type 2 diabetes. These results further confirm that vaspin may play an important role in type
2 diabetes and may be a part of the protective mechanisms aimed at reducing insulin resistance in
humans [68]. Also, Kadoglou et al. (2011) observed in patients with type 2 diabetes that 6 months
of treatment with metformin monotherapy and the combination of rosiglitazone and metformin
decreased serum vaspin [69]. Finally, Jian et al. reported that low circulating vaspin level can be used
as risk factors for the progression of type 2 diabetes, based on a 2-year follow-up study that included
patients with type 2 diabetes and non-diabetic. The authors pointed out that further prospective
observational studies were required to explain this issue [70].
Although the vast majority of the reported studies show increased serum vaspin concentrations in
diabetic subjects or associations between serum vaspin and parameters related to glycemic control, such
as HOMA-IR, there also studies in the literature showing different results. Thus, von Loeffelholz et al.
did not find any association between serum vaspin and HbA1c in a cohort of non-diabetic humans
with widely varying BMI (15.8–47.8 kg/m2) [45]. Moreover, vaspin did not show significantly different
serum levels among subjects with isolated impaired fasting glycemia, isolated impaired glucose
tolerance, normal glucose tolerant or type 2 diabetes, even after adjusting per for age, sex and BMI, in
the study reported by Tonjes et al. [71].
Finally, human pregnancy often confers a state of insulin resistance and hyperinsulinemia that
may predispose some women to gestational diabetes mellitus when their pancreatic function is not
sufficient to overcome the diabetogenic environment of pregnancy. When comparing serum vaspin
level, mRNA and protein levels of vaspin in adipose tissue obtained from women with gestational
diabetes mellitus (GDM) with those from women with normal glucose tolerance, Mm et al. reported
Int. J. Mol. Sci. 2017, 18, 1770 10 of 27
higher vaspin plasma levels and increased gene and protein expressions in subcutaneous adipose
tissue in GDM women [72]. However, serum vaspin levels did not reflect the degrees of insulin
resistance in GDM women. Unfortunately, the authors did not provide further information concerning
the putative regulatory mechanism of vaspin in the occurrence of GDM [72].
3.3. Signaling Pathways Involved in the Metabolic Actions of Vaspin
Little is known concerning the mechanisms of action of vaspin. As a serpin family member,
mechanism of action of vaspin is based on the stabilization of the protease-serpin complex.
Klöting et al. reported that both peripheral and central vaspin administration decreased food
intake in obese db/db and lean C57BL/6 mice. According to these results they suggested that vaspin
inhibited a protease that cleaves a putative anti-orexigenic factor. The effects of vaspin treatment on
reduced food intake may therefore be an indirect result of an increase in the stability and efficacy
of an anti-orexigenic factor that subsequently mediates vaspin effects to suppress food intake. The
observation that food intake returned to normal values after 1 day without vaspin treatment suggested
to the authors that the inhibition of proteinase activity by vaspin was limited by the time taken for
elimination of the vaspin-protease complex from the plasma, which is approximately 1 day [42].
In addition, the administration of vaspin (1 µg/kg body weight) in the arcuate nucleus of the
hypothalamus significantly decreased food intake in rats. This effect was due to the decrease in
NPY gene expression and the increase in POMC gene expression [34].
With regard to the effects of vaspin on glycemic control, in a study carried out by Heiker et al.
the authors demonstrated that human kallikrein 7 (hk7) is the target protease of vaspin. In this study,
interactions between vaspin and hk7 in human plasma were observed. Moreover, human insulin was
identified as hk7 substrate, suggesting that vaspin anti-diabetic effects in vivo are due to an insulin
stabilizing ability through the reduction of hk7 induced insulin degradation (instead of increasing
insulin sensitivity) [73].
Vaspin may inhibit inflammatory processes by reducing inflammatory adipokines and this effect
may be beneficial for improvement in insulin resistance. Since pioglitazone treatment up-regulates
vaspin mRNA expression in rodents, vaspin may be one of the effector molecules under the control of
peroxisome proliferator-activated receptor γ (PPARγ) [67].
4. Cardiotrophin-1
Cardiotrophin-1 (CT-1) is a protein isolated in 1995 from the supernatant of mouse embryonic
corpuscles. The name CT-1 comes from its ability to induce a hypertrophic response in neonatal cardiac
myocytes as judged by myocyte enlargement, organization of myosin light chain into sarcomeric units,
and atrial natriuretic peptide (ANP) secretion [74]. The coding region of human CT-1 gene is located
on chromosomal region 16p11.1–16p11.2 [75]. Moreover, it has been described that the coding region of
exon 1, 2 and 3 shows a homology of 96%, 84% and 81% respectively between human and mouse [76].
CT-1 protein consists of 203 amino acids and has a molecular weight of 21.5 kDa [77] also presenting a
sequence well conserved between species. Thus, the protein homology between human and mouse is
78%, and 80% between human and rat. The rat amino acid sequence is 94% identical to that of mouse
CT-1 [76].
The initial studies with CT-1 showed that its structure was very similar to the interleukin-6 (IL)-6
family of cytokines, and was considered as a member of this family [74]. The IL-6 family includes
other cytokines such as IL-11, IL-30, ciliary neurotrophic factor (CNTF), cardiotrophin-like cytokine
(CLC), also known as novel neurotopin-1 (NNT-1) or B cell stimulating factor 3 (BSF3), neuropoietin
(NP), leukemia inhibitory factor (LIF), oncostatin M (OSM) and IL-31 [78]. All the cytokines of this
family induce their physiological actions by activating the gp130 receptor, which causes some of them
to share certain features; however, the different distribution of this receptor and the fact that each
cytokine binds to a more specific receptor, make that these cytokines are not considered as redundant
in many of their functions [79].
Int. J. Mol. Sci. 2017, 18, 1770 11 of 27
CT-1 is expressed in many tissues, although the specific physiological role in most of them remains
to be elucidated. In adult humans, CT-1 is highly expressed in heart, skeletal muscle, liver, lung and
kidney. Lower levels of CT-1 expression are also seen in testis and brain [75]. Interestingly, adipose
tissue has been also identified as a source of CT-1, acting as an adipokine [80,81]. Therefore, CT-1
could act not only in a paracrinic manner, but also as an endocrine factor involved in the regulation of
several physiological/pathophysiological functions [82].
Interestingly, a recent study has revealed that a 24-h circadian rhythm of CT-1 plasma levels was
observed in normal-weight subjects, which was altered in overweight patients. Chronodisruption
has a great influence on metabolic disturbances and vice versa [83]. Although the exact mechanisms
linking metabolic syndrome with chronodisruption are still unknown, most hypotheses point to
an internal desynchronization of circadian rhythms involved in metabolism [84]. It is important to
highlight that several adipokines secreted by adipose exhibit profound day/night circadian rhythms,
and accumulating evidence links disruption of these rhythms to the development of clinical metabolic
disturbances [85].
4.1. Cardiotrophin-1 and Obesity
In recent years, a large number of investigations have focused on analyzing the ability of CT-1
to regulate body weight and intermediate metabolism [80,86,87]. In this sense, it has been described
that CT-1 deficiency brings on late-onset adult obesity in mice, accompanied by insulin resistance
and hypercholesterolemia [86]. It is important to highlight that CT-1−/− mice, by contrast with other
deficiencies in gp130 ligands, develop obesity despite reduced food intake probably as a consequence
of decreased energy expenditure. Hence, CT-1 deficient mice represent a hypophagic model of
obesity [86]. Moreover, oxygen consumption rate (VO2) circadian rhythmicity was disrupted in aged
obese CT-1-deficient mice as compared to wild-type mice [83]. Interestingly, the circadian rhythm
exhibited for key clock genes (Clock, Bmal1, and Per2) in adipose tissue was altered in CT-1−/− mice,
which showed a lower percentage of the rhythm or lower amplitude, especially for Bmal1 and Clock.
These data suggest that CT-1 could be important in the regulation of metabolic circadian rhythms and
adipose core clock genes in mice.
However, there is still some controversy regarding the regulation of CT-1 levels during obesity
both in rodents and humans. Indeed, studies performed in mice have shown that gene expression levels
of CT-1 were down-regulated in white adipose tissue from diet-induced obese mice [88,89]. Moreover,
plasma levels of this cytokine are elevated in patients with obesity and metabolic syndrome, suggesting
that CT-1 could be considered as a marker and a link between adipose tissue, insulin resistance
and cardiovascular diseases [80–91]. Contrariwise, another study stated that overweight and obese
subjects had significantly lower CT-1 levels than those with normal weight [92]. Another investigation,
conducted in obese adolescents, did not find any differences in circulating levels of CT-1 compared to
normal-weight subjects of the same age [93]. Similarly, a recent study by López-Yoldi et al. [83] did
not observe any significant changes in plasma CT-1 from normal weight subjects when compared
to overweight/obese individuals, suggesting that other factors associated to obesity, and not the
increased adiposity directly, could be determining the levels of this cytokine. So, the role of CT-1 in
obesity in humans remains to be further elucidated.
4.2. Cardiotrophin-1 and Alterations in Glycemic Control
Concerning to the effects of CT-1 on glucose metabolism, a study performed by
Moreno-Aliaga et al. (2011) [86] revealed CT-1 hypoglycemic properties, which were mediated by
insulin-dependent and insulin-independent mechanisms. Indeed, the glucose-lowering properties
of CT-1 were also observed in mice with streptozotocin-induced insulin deficiency, thus evidencing
an insulin-independent effect of CT-1 on glucose metabolism. To further support the role of CT-1 on
glucose homeostasis, this study showed the ability of this adipocytokine to promote insulin-stimulated
glucose uptake in L6E9 myotubes and in 3T3-L1 adipocytes [86].
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4.3. CT-1 Receptor and Signaling Pathways Involved in the Metabolic Actions of CT-1
All members of the IL-6 family share gp130 as a signal-transducing receptor component. Thus,
these cytokines induce their physiological actions by activating the gp130 receptor and require
interaction with two gp130 or one gp130 and another related signal transducing receptor subunit [94].
CT-1 requires gp130 and LIF receptor (LIFR) heterodimerization to induce signal transduction.
Although CT-1 can mimic LIF in binding and activation of the gp130/LIFR complex, it has been
reported to recruit an as yet uncharacterized α receptor (CT-1Rα) [95], which confers CT-1 high potency
trophic signaling for motor neurons [75,77,95]. However, this additional membrane component is
apparently not required for CT-1 effects on other cells [96]. Intracellular signaling initiated after
phosphorylation of gp130 basically involves several families of intermediary molecules, including
the PI3K/AKT system, the Janus kinase/transducer and activator of transcription (JAK/STAT) signal
system, the mitogen activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK)
system and the nuclear factor κB (NF-κB) system [82].
Figure 2 summarizes the main metabolic actions underlying the anti-obesity and anti-diabetic
properties of CT-1. In this context, activation of hypothalamic pathways involved in hypophagia,
including signal transducer and activator of transcription 3 (STAT-3) and S6 ribosomal protein (S6) has
been involved in the anorexigenic actions of CT-1 [86].
As stated before, white adipose tissue produces CT-1, but it is also a target organ for this protein.
CT-1 activates major signaling pathways involved in the control of metabolism in this tissue [80,97].
No studies are available in human white adipose tissue biopsies, but studies performed in mice
revealed that chronic CT-1 administration induced a dramatic remodeling of white adipose tissue,
characterized by a reduction of adipocyte size accompanied by the down-regulation of lipogenic
genes and up-regulation of genes involved in lipid catabolism [86]. Furthermore, CT-1 promotes
mitochondrial biogenesis and adipose tissue browning [86].
The lipolytic properties of CT-1 in adipose tissue are mainly mediated through the protein-kinase
A (PKA) pathway. Indeed, CT-1 treatment promoted an increase in cAMP levels in cultured 3T3-L1
adipocytes, thus activating PKA. These facts result in the PKA-mediated phosphorylation of perilipin
and hormone sensitive lipase (HSL) at Ser660, promoting lipolysis [98]. In line with the results observed
in cultured adipocytes, acute CT-1 treatment is also responsible for the PKA-mediated phosphorylation
of perilipin and HSL at Ser660 and Ser563 in ob/ob mice [98].
In addition, CT-1 also modulates the adipokine secretory pattern of adipocytes. Thus, CT-1
treatment increases apelin gene expression and secretion, while downregulates the production of
leptin, resistin and visfatin in 3T3-L1 adipocytes [81]. Furthermore, acute administration of CT-1 to
diet-induced obese mice downregulated leptin and resistin gene expression, without significantly
modifying apelin mRNA levels in adipose tissue [81]. It is important to highlight that during the
last decade, white adipose tissue has been established as an important endocrine organ with a key
relevance in the regulation of food intake, energy expenditure and glucose and lipid homeostasis [99].
Thus, the ability of CT-1 to modulate the production of adipokines, in vitro and in vivo, suggests that
the regulation of the secretory function of adipocytes could be also involved in the metabolic actions of
this cytokine.
As far as glycemic control is concerned, another study has demonstrated that in vivo
administration of CT-1 inhibits intestinal sugar uptake after acute and chronic treatments. Indeed,
studies in Caco-2 cells revealed that CT-1 decreased sugar absorption by reducing the protein levels of
the sodium-dependent glucose transporter 1 (SGLT-1) [100]. The inhibition of intestinal sugar uptake
could also account for the hypoglycemic and anti-obesity properties of CT-1. In this sense, agents that
inhibit glucose co-transporters (SGLT inhibitors) that mediate intestinal glucose absorption or increase
glucose excretion, could help to control hyperglycemia through an insulin-independent mechanism,
introducing a new concept to the diabetes treatment [101].
Another pathway that plays an important role mediating the metabolic properties of CT-1
is PI3K/AKT pathway. Obese CT-1-deficient mice exhibited reduced insulin-stimulated AKT
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phosphorylation in both skeletal muscle and white adipose tissue. On the contrary, a stimulation
of insulin-stimulated AKT phosphorylation was observed in muscle of mice treated with rCT-1
(recombinant cardiotrophin-1) [86] in parallel with a significant reduction in glycaemia and insulinemia.
In this context, it has been demonstrated that AKT is a major mediator in the stimulatory effect of rCT-1
in glucose uptake by cultured myocytes and adipocytes [86]. Moreover, the PI3K/AKT pathway seems
to be also mediating the stimulatory effects of rCT-1 on apelin gene expression and secretion in cultured
3T3-L1 adipocytes, since pre-treatment with the PI3K inhibitor LY294002 partially reversed this effect [81].
AMPK activation is also involved in the metabolic effects of CT-1 in liver and skeletal muscle, where it
increases fatty acid oxidation, [86,87]. Interestingly, the AMPK signaling pathway could also mediate
the inhibitory effects of CT-1 on α-Methyl-D-glucoside uptake observed in Caco-2 cells. Thus, when
cells were pre-treated in the presence of the JAK/STAT inhibitor (AG490) and with the AMPK activator
(AICAR), the inhibitory effects of CT-1 on sugar uptake and SGLT-1 levels were abrogated [100].
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5. TWEAK
Tumor necrosis factor-like Weak Inducer of Apoptosis (TWEAK) was discovered in 1997 [102].
TWEAK is also known as Tumor necrosis factor (TNF) ligand superfamily member 12, TNFSF12 [103],
and it, together with its r cep or, FGF-inducibl molecule-14 (Fn14, also known as TNFRSF12A),
is a member of the TNF/TNFR superfamily, which regulates several tissue responses, sometimes
apparently conflicting [104]. Recently, TWEAK has been a focus of attention in the research community
as a potential regulator of the low-grade chronic inflammation characteristic of obesity (extensively
reviewed in Burkly [105]).
TWEAK gene is located at chromosomal position 17p13.1, encoding initially for a 249 amino
acid transmembrane protein [102]. Then this transmembrane protein is processed by cleavage by
a furin endoprotease, leading to the release of a mature soluble form of TWEAK of 18 kDa [102].
Cells can co-express both plasma m mbrane-anchored and soluble TWEAK [106]. However,
membrane-anchored TWEAK is rare y detectable as a consequence of efficient cleavage by furin [107].
TWEAK is expressed in a wide variety of different tissues and cells, including tumor cell lines, intestine,
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pancreas, lung, brain, ovary, skeletal muscle, vasculature, kidney, liver and adipose tissue [108–115].
By contrast, Fn14 expression in healthy tissues is usually very low. However, under pathological
conditions, Fn14 expression is rapidly induced in several tissues such as liver [116], heart [117],
colon [118], skeletal muscle [119], as well as during atherosclerosis [120] and kidney injury [121].
Several studies have evidenced expression of TWEAK and Fn14 in visceral adipose tissue and
also in subcutaneous adipose tissue [111,122]. Interestingly, some human studies have deciphered
TWEAK as a component of the network that contributes to the inflammatory imbalance observed in
obesity [111,122–124].
5.1. TWEAK, Obesity and Alterations in Glycemic Control
Some studies have focused on the potential relationship between TWEAK levels and obesity, but
overall on understanding the relevance of TWEAK in morbid obesity. Nevertheless, the data reported
are sometimes controversial. In morbidly obese patients TWEAK and Fn14 expression were increased
in adipose tissue compared to their lean counterparts [124]. Obesity is associated with a chronic
low-grade inflammatory state, specifically in adipose tissue. Under these circumstances, TWEAK
expression has been detected mainly in immune cells [125], whereas Fn14 expression has been mainly
detected in pre-adipocytes and adipocytes [124,126,127] or endothelial cells [112].
Interestingly, TWEAK knock-out mice fed on a high fat diet showed more susceptibility to develop
adult obesity than the wild-type mice [128]. However, these TWEAK knock-out mice were protected
from dyslipidemia and ectopic fat deposition, exhibiting enhanced whole body insulin action and
glucose tolerance, as well as improved insulin signaling in liver and muscle [128]. Expression levels of
both TWEAK and Fn14 were higher in gonadal fat of wild-type mice fed on a high fat diet [128]. By
contrast, Maymó-Masip et al. [124] reported that TWEAK circulating levels were highly variable in
extremely obese subjects, although globally they were lower than in their lean counterparts. Moreover,
lower TWEAK levels have been associated with higher levels of glucose, HOMA-IR index and visceral
obesity [129,130] and higher TWEAK levels have been positively related to triglycerides [131]. Finally,
other studies reported no association between TWEAK and obesity [132]. On the other hand, in a
situation of a huge adipose tissue loss, such as occurs in the lipodystrophy associated to the HIV
infection, TWEAK levels were lower compared with their controls counterparts [133]. Increased
levels of TWEAK in skeletal muscle favors the development of visceral obesity, accompanied with
insulin resistance, and metabolic dysfunction, suggesting that TWEAK inhibition could be a potential
approach to prevent weight gain and type 2 diabetes [134].
Taken together, these observations suggest that TWEAK levels are not directly related to adiposity,
and that other tissues or metabolic factors are playing a critical role in TWEAK levels regulation.
Moreover, the role of TWEAK in obesity and in the risk of metabolic complications seem to be
tissue-dependent. Consequently, further studies with larger cohorts are needed to better characterize
TWEAK/Fn14 role in obesity-associated metabolic disturbances.
5.2. TWEAK Aeceptors and Signaling Pathways Involved in the Metabolic Actions of TWEAK
Fn14 was identified as the specific TWEAK receptor [135]. The Fn14 gene is located at
the 16 chromosome at position p13.3 [136], encoding a transmembrane protein of 14 kDa that
is processed into a mature form of 102 amino acids [135]. Fn14 interacts with TWEAK at
the extracellular domain [137] and transduces the TWEAK signaling by a tumor necrosis factor
receptor-associated factor (TRAF) binding site interacting with the TRAF family proteins [137].
Moreover, in monocytes/macrophages, it has been described a scavenger receptor for TWEAK,
CD163 [138,139] which avoids TWEAK actions possibly by sequestering this adipokine from the
environment. Furthermore, it has been proposed the existence of other signaling receptors different
than Fn14, because in vitro culture cells response to TWEAK in an Fn14 independent manner [140].
Nevertheless, the significance of CD163 and other potential signaling receptors needs to be confirmed
with more studies in order to discern the relevance of them in the TWEAK signaling.
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Treatment with TWEAK triggers NF-κB activation in several cell types [141,142], and this
activation has also been connected to an increased secretion of proinflammatory cytokines [143–146].
NF-κB complexes are dimers with DNA-binding capabilities and transactivating domains. NF-κB is
regulated by their subcellular localization. Thus, NF-κB is sequestered in the cytoplasm by the IκB
proteins (inhibitor of κB) in the inactive state. Upon treatment with high concentrations of TWEAK,
Fn14 recruits TRAF proteins and IκB is degraded allowing nuclear translocation of the dimmers [141].
Once inside the nucleus, NF-κB activates the expression of over 400 target genes, promoting a weak cell
death by apoptosis. However, at physiological concentrations, TWEAK is unable to activate canonical
NF-κB, but strongly activates the non-canonical NF-κB [147,148]. In adipocytes, TWEAK treatment
promotes a low inflammatory grade, through activation of NF-κB pathways, inducing the expression
of the pro-inflammatory cytokines MCP-1 and IL-6 [122,127]. Moreover, TWEAK treatment is also
able to modulate other intracellular signaling through the activation of two of the MAPK pathways:
ERK1/2 [122] and p38 [149] but not JNK [122] in adipocytes. Finally, insulin signaling is a key regulator
of adipocyte metabolism and it is also modulated by TWEAK bennett [128].
In Tweak knock-out mice, under a high fat diet, in vivo insulin signaling (AKT phosphorylation)
was enhanced as compared with control mice counterparts [128]. AMP-activated protein kinase
(AMPK) activity is also regulated by TWEAK. Indeed, muscle-specific overexpression of TWEAK
inhibited AMPK and upstream kinase LKB1, without affecting the Akt pathway. The activation of
GSK3β, which directly interacts and inhibits AMPK activity, was found to be increased in the skeletal
muscle of TWEAK-transgenic mice. In this model, TWEAK also represses the levels of Krüppel-like
factor 15 (KLF15) and myocyte enhancer factor 2 (MEF2), and peroxisome proliferator-activated
receptor-γ coactivator-1a (PGC-1α), which are required for GLUT4 expression [134].
6. NOV/CCN3
NOV/CCN3 (nephroblastoma overexpressed) protein in humans is encoded by the
nov gene. This protein is a member of an emerging family of six regulatory proteins
Cyr61/CCN1 (cystein rich protein 61), Ctgf/CCN2 (connective tissue growth factor), Nov/CCN3,
ELM-1/WISP-1/CCN4 (WNT1-inducible-signaling pathway protein 1), rCop-1/WISP-2/CTGF-L/CCN5
(WNT1-inducible-signaling pathway protein 2), and WISP-3/CCN6 (WNT1-inducible-signaling pathway
protein 3) [150,151].
The nov gene is detected in various human tissues, such as adrenal cortex, kidney, muscle,
heart, adipose tissue and central nervous system among others, in macrophages and in biological
fluids, including amniotic and cerebrospinal fluids and plasma [152–156]. It was first characterized
as an integration site for the myeloblastosis associated virus [157], which promotes kidney tumors
resembling nephroblastoma and Wilms tumor perbal [158]. In both human and animal tumors, its
gene expression was found to be altered, either up-regulated or down-regulated [159–163].
Nowadays, it is known that, in addition to its relation to cancer, NOV/CCN3 plays an important
role in organogenesis, inflammation or fibrosis [164,165]. All these functions are mediated by its
interaction with integrins and by the Notch pathway, which regulates cell-fate during development
and maintains adult homeostasis tissue [164].
6.1. NOV/CCN3 and Obesity
Martinerie et al. (2016) studied the effects of NOV/CCN3 in 3T3-L1 pre-adipocytes and primary
pre-adipocytes. In 3T3-L1 pre-adipocytes NOV seems to decrease adipogenesis, since when cells were
transfected by a specific siRNA against NOV, that is this adipokine was blunted, the expression of
sterol regulatory element-binding protein 1c (SREBP-1c), peroxisome proliferator-activated receptor γ
(PPAR-γ), and CCAAT-enhancer-binding protein α (C/EBP-α) increased. In addition, pre-adipocytes
obtained from NOV−/− mice adipose tissue differentiated better than those from control mice, as it
was observed by the increase in SREBP-1c, PPAR-γ, and C/EBP-α expressions [166].
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Moreover, Pakradouni et al. [155] compared plasma concentration and gene expression of this
protein in C57/Bl6 mice fed a high-fat or a standard diet for 12 weeks. They observed that obese mice
(those fed the high-fat diet) showed higher plasma levels than lean mice. Moreover, nov mRNA level
in the visceral adipose tissue was also increased in high-fat fed mice compared with standard diet-fed
mice. More recently, Martinerie et al. [166] compared NOV/CCN3 (NOV−/−) knock-out mice and
wild-type mice fed for 16 weeks either a high-fat or a standard diet. When the animals were fed the
standard diet no differences in weight gain or fat mass were observed. By contrast, NOV−/− mice,
but not wild-type mice, were protected against diet-induced obesity and adipose tissue inflammation.
This different behavior of knock-out and wild type mice occurred without changes in food intake
or differences in lipid gut absorption. However, there was slightly enhanced energy expenditure
during the daylight period that was associated with a potential induction of thermogenesis, as it was
concluded by the increase in uncoupling protein-1 (UCP1) and proliferator-activated receptor gamma
coactivator 1 alpha (PGC1-α).
In humans, Pakradouni et al. [155] studied plasma concentration of NOV/CCN3 in adults
showing hyperlipidemia with or without lipid-lowering therapy. They showed, for the first time, a
strong correlation between plasma NOV/CCN3 concentration and BMI or fat mass. Interestingly,
they found gender differences, thus women displayed higher level of circulating NOV/CCN3 than
men. Such effect could be attributed to the higher proportion of fat content in women and/or to other
mechanisms, such as hormone status. Also, plasma triglycerides, but not cholesterol, were weakly
associated with NOV/CCN3 concentration. When patients lost weight after gastric bypass circulating
NOV/CCN3 concentrations decreased.
6.2. NOV/CCN3 and Alterations in Glycemic Control
Several evidences suggesting the role of NOV/CCN3 on glycemic control have been reported.
Martinerie et al. (2016) observed that in 3T3-L1 adipocytes transfected with siRNAs to silence
NOV/CCN3, the decrease in the expression this gene was accompanied by an increase in
insulin-stimulated p-Akt and p-Erk, compared with the control cells [166].
On the other hand, Paradis et al. (2013) demonstrated that Forkhead box O1 protein (FoxO1),
a transcription factor that regulates genes involved in diabetes development, regulated ccn3 gene
expression in pancreatic β-cells. Thus, over-expression of FoxO1 increased ccn3 mRNA levels, whereas
the inhibition of the transcription factor caused the opposite effect [167]. In good accordance with
this in vitro observation, Martinerie et al. observed that FoxO1 activation increased ccn3 in transgenic
mice. On the other hand, NOV/CCN3 inhibited β-cell proliferation and thus impaired β-cell insulin
secretion [166].
These authors also reported that NOV/CCN3 contributed to the development of obesity-induced
insulin resistance, based on their studies in knock-out mice. Thus, in the experiment previously
described in this review, the authors observed that NOV−/− mice were protected against diet-induced
glucose intolerance and insulin resistance [166]. Finally, Shimoyama et al. [168] demonstrated
that NOV/CCN3 expression was reduced in the aorta from mice that developed diabetes after
streptozotocin injection. By contrast, its expression was increased by insulin treatment.
With regard to human beings, in the study reported by Pakradouni et al. [155], carried out in
adults showing hyperlipidemia with or without lipid-lowering therapy, HbA1c which is an important
blood marker that gives a good indication of long term glucose levels, was positively correlated with
circulating NOV/CCN3 levels. However, no correlation was found between plasma NOV/CCN3
concentration and blood glucose.
7. Concluding Remarks
As far as obesity is concerned, it has been reported that this pathology reduces serum omentin-1
concentration and adipose tissue secretion in adults and adolescents. In the case of children, the
reduced number of reported studies and the discrepancies indicate that further studies are needed.
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Conversely, the strategies used to induce a reduction in body weight, such as dietary energy
restriction and physical activity, are effective in correcting the alterations induced in omentin-1
serum concentration induced by overweight and obesity. Animal studies suggest that omentin
could be involved in the regulation of appetite due to the neuromodulatory role of this adipokine on
peptidergic and aminergic signaling. Moreover, omentin increases insulin-stimulated glucose transport
by increasing protein kinase b (Akt) phosphorylation, as well as the activity of IRS.
Higher levels of vaspin have been found in obese subjects when compared with normal weight
subjects. On the other hand, in several studies, showing reductions in body weight associated to
different strategies, decreases in serum concentrations of vaspin have been found, reinforcing the idea
that an association between obesity and this adipokine exists. Vaspin reduces food intake and may
inhibit inflammatory processes by reducing inflammatory adipokines and this effect may be beneficial
for improvement in insulin resistance.
In recent years, a wide number of investigations have focused on analyzing the ability of
cardiotrophin-1 to regulate body weight and intermediate metabolism. The vast majority of the studies
addressed so far have been conducted in mice. In this animal model, cardiotrophin-1 induces a dramatic
remodeling of white adipose tissue, characterized by a reduction in adipocyte size, accompanied by
the down-regulation of lipogenic genes and the up-regulation of genes involved in lipid catabolism.
Furthermore, this adipokine promotes mitochondrial biogenesis and adipose tissue browning.
Recently, TWEAK has focused attention of the research community as a potential regulator
of the low-grade chronic inflammation characteristic of obesity. TWEAK levels are not directly
related to adiposity, and other tissues or metabolic factors are playing a critical role in TWEAK levels
regulation. Moreover, the role of TWEAK in obesity and risk of metabolic complications seem to be
tissue-dependent. Consequently, further studies with larger cohorts are needed to better characterize
TWEAK/Fn14 role in obesity-associated metabolic pathologies.
Finally, a strong correlation has been observed between NOV/CC3 plasma concentration and
body max index or fat mass. When patients lose weight, after gastric bypass, circulating NOV/CCN3
concentration decreases.
Figure 3 summarizes the effects of omentin, vaspin, cardiotrophin-1, TWEAK and NOV/CCN3
on insulin signaling cascade.
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Figure 3. Schematic representation of the effects of omentin, vaspin, cardiotrophin-1, TWEAK and
NOV/CCN3 on insulin signaling cascade that explain positive effects of these adipokines on glycemic
control. Akt: protein kinase b; AMPK: AMP activated protein-kinase; AS160: Akt substrate of 160
kDa; GLUT: glucose transporter; IRS: insulin receptor substrate; LKB1: liver kinase B1; mTOR:
mammalian target of rapamicin; P: inorganic phosphorous; PI3K: phosphatidylinositol 3-kinase;
RAB-10: Ras-related protein RAB-10.
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With regard to alterations in glycemic control, several authors have documented lower levels
of serum omentin-1 in nascent metabolic syndrome, type 2 diabetes or even type 1 diabetes. It has
been proposed that omentin-1 improves insulin sensitivity. As far as vaspin is concerned, the reported
results suggest that vaspin may play an important role in type 2 diabetes, and may be a part of
the protective mechanisms aimed at reducing insulin resistance in humans. Data concerning the
involvement of cardiotrophin-1 on glucose homeostasis have been obtained in mice. In this animal
species, this adipokine reduces intestinal glucose absorption and improves insulin sensibility.
In addition, lower TWEAK levels have been associated with higher levels of glucose, HOMA-IR
index and visceral obesity. Finally, there is just a study addressing the effects of NOV/CCN3 on
glycemic control in humans where HbA1c, which is an important blood marker that gives a good
indication of long term glucose levels, shows positive correlation with circulating NOV/CCN3 levels,
but no correlation with blood glucose.
Figure 4 summarizes the main tissues and organs involved in the effects of omentin, vaspin,
cardiotrophin-1, TWEAK and NOV/CCN3 on insulin resistance or obesity.Int. J. Mol. Sci. 2017, 18, 1770  19 of 28 
 
 
Figure 4. Schematic representation of the main tissues and organs involved in the effects of omentin, 
vaspin, cardiotrophin-1, TWEAK and NOV/CCN3 on insulin resistance and obesity. On the left side 
of the figure, target tissues and organs involved in the effects of adipokines on insulin resistance. On 
the right side of the figure, target tissues and organs involved in the anti-obesity action of adipokines. 
Acknowledgments: This study was supported by grants from the Ministerio de Economía y Competitividad 
(AGL-2015-65719-FEDER-UE and BFU2015-65937-R), Government of the Basque Country (IT-572-13), 
University of the Basque Country (UPV/EHU) (ELDUNANOTEK UFI11/32), Línea Especial about Nutrition, 
Obesity and Health from the University of Navarra LE/97, Department of Health, Government of Navarra (67-
2015) and Instituto de Salud Carlos III (CIBERobn). I. Milton-Laskíbar is a PhD fellowship from the Basque 
Government and S. Gómez-Zorita is a post-doc fellowship from CIBERobn. 
Conflicts of Interest: The authors declare no conflict of interest. 
References 
1. Trayhurn, P.; Beattie, J.H. Physiological role of adipose tissue: White adipose tissue as an endocrine and 
secretory organ. Proc. Nutr. Soc. 2001, 60, 329–339. 
2. Rodríguez, A.; Ezquerro, S.; Méndez-Giménez, L.; Becerril, S.; Frühbeck, G. Revisiting the adipocyte: A 
model for integration of cytokine signaling in the regulation of energy metabolism. Am. J. Physiol. 
Endocrinol. Metab. 2015, 309, E691–E714. 
3. Dusserre, E.; Moulin, P.; Vidal, H. Differences in mrna expression of the proteins secreted by the adipocytes 
in human subcutaneous and visceral adipose tissues. Biochim. Biophys. Acta 2000, 1500, 88–96. 
4. Frühbeck, G.; Gómez-Ambrosi, J. Adipose tissue structure function and metabolism. In Encyclopedia of 
Human Nutrition; Caballero, B., Ed.; Elsevier: Amsterdam, The Netherlands, 2013; pp. 1–13. 
5. Yang, R.; Xu, A.; Pray, J.; Hu, H.; Jadhao, S.; Hansen, B.; Shuldiner, A.; Mclenithan, J.; Gong, D. Cloning of 
omentin, a new adipocytokine from omental fat tissue in humans. Diabetes 2003, 52, A1. 
6. Alexander, R.W. Understanding adipose-derived stromal vascular fraction (ad-svf) cell biology and use on 
the basis of cellular, chemical, structural and paracrine components: A concise review. J. Prolother. 2012, 4, 
855–869. 
7. Yang, R.Z.; Lee, M.J.; Hu, H.; Pray, J.; Wu, H.B.; Hansen, B.C.; Shuldiner, A.R.; Fried, S.K.; McLenithan, J.C.; 
Gong, D.W. Identification of omentin as a novel depot-specific adipokine in human adipose tissue: Possible 
role in modulating insulin action. Am. J. Physiol. Endocrinol. Metab. 2006, 290, E1253–E1261. 
8. Komiya, T.; Tanigawa, Y.; Hirohashi, S. Cloning of the novel gene intelectin, which is expressed in intestinal 
paneth cells in mice. Biochem. Biophys. Res. Commun. 1998, 251, 759–762. 
9. Mao, F.; Gong, D.W.; Damcott, C.; Sabra, M.; Yang, R.; Pollin, T.I.; Tanner, K.; Ott, S.; Mclenithan, J.C.; Fried, 
S.; et.al. Systematic analysis of omentin 1 and omentin 2 on 1q23 as candidate genes for type 2 diabetes in 
the old order amish. Diabetes 2004, 53–59. 
Figure 4. Schematic representation of the main tissues and organs involved in the effects of omentin,
vaspin, cardiotrophin-1, TWEAK and NOV/CCN3 on insulin resistance and obesity. On the left side of
the figure, target tissues and organs involved in the effects of adipokines on insulin resistance. On the
right side of the figure, target tissues and organs involved in the anti-obesity action of adipokines.
Acknowledgments: This study was supported by grants from the Ministerio de Economía y Competitividad
(AGL-2015-65719-FEDER-UE and BFU2015-65937-R), Government of the Basque Country (IT-572-13), University
of the Basque Country (UPV/EHU) (ELDUNANOTEK UFI11/32), Línea Especial about Nutrition, Obesity and
Health from the University of Navarra LE/97, Department of Health, Government of Navarra (67-2015) and
Instituto de Salud Carlos III (CIBERobn). I. Milton-Laskíbar is a PhD fellowship from the Basque Government
and S. Gómez-Zorita is a post-doc fellowship from CIBERobn.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Trayhurn, P.; B attie, J.H. Physiological role of adipose tissue: W ite adipose tissue as an endocrine and
secretory rgan. Proc. Nutr. Soc. 2001, 60, 329–339. [CrossRef] [PubMed]
2. Rodríguez, A.; Ezquerro, S.; Méndez-Giménez, L.; Becerril, S.; Frühbeck, G. Revisiting the adipocyte: A model
for integration of cytokine signaling in the regulation of energy metabolism. Am. J. Physiol. Endocrinol. Metab.
2015, 309, E691–E714. [CrossRef] [PubMed]
3. Dusserre, E.; Moulin, P.; Vidal, H. Differences in mrna expression of the proteins secreted by the adipocytes
in human subcutaneous nd visceral ip se tissu s. iochim. Biophys. Acta 2000, 1500, 88–96. [CrossRef]
4. Frühbeck, G.; Gómez-Ambrosi, J. Adipose tissue tructure function and metabolism. In Encyclopedia of
Human Nutrition; Caballero, B., Ed.; Elsevier: Amsterdam, The Netherlands, 2013; pp. 1–13.
Int. J. Mol. Sci. 2017, 18, 1770 19 of 27
5. Yang, R.; Xu, A.; Pray, J.; Hu, H.; Jadhao, S.; Hansen, B.; Shuldiner, A.; Mclenithan, J.; Gong, D. Cloning of
omentin, a new adipocytokine from omental fat tissue in humans. Diabetes 2003, 52, A1.
6. Alexander, R.W. Understanding adipose-derived stromal vascular fraction (ad-svf) cell biology and use on
the basis of cellular, chemical, structural and paracrine components: A concise review. J. Prolother. 2012, 4,
855–869.
7. Yang, R.Z.; Lee, M.J.; Hu, H.; Pray, J.; Wu, H.B.; Hansen, B.C.; Shuldiner, A.R.; Fried, S.K.; McLenithan, J.C.;
Gong, D.W. Identification of omentin as a novel depot-specific adipokine in human adipose tissue: Possible
role in modulating insulin action. Am. J. Physiol. Endocrinol. Metab. 2006, 290, E1253–E1261. [CrossRef]
[PubMed]
8. Komiya, T.; Tanigawa, Y.; Hirohashi, S. Cloning of the novel gene intelectin, which is expressed in intestinal
paneth cells in mice. Biochem. Biophys. Res. Commun. 1998, 251, 759–762. [CrossRef] [PubMed]
9. Mao, F.; Gong, D.W.; Damcott, C.; Sabra, M.; Yang, R.; Pollin, T.I.; Tanner, K.; Ott, S.; Mclenithan, J.C.;
Fried, S.; et al. Systematic analysis of omentin 1 and omentin 2 on 1q23 as candidate genes for type 2 diabetes
in the old order amish. Diabetes 2004, 53–59.
10. Lee, J.A.; Park, H.S.; Song, Y.S.; Jang, Y.J.; Kim, J.H.; Lee, Y.J.; Heo, Y.S. Relationship between vaspin gene
expression and abdominal fat distribution of korean women. Endocr. J. 2011, 58, 639–646. [CrossRef]
[PubMed]
11. Hernández-Díaz, A.; Arana-Martínez, J.C.; Carbó, R.; Espinosa-Cervantes, R.; Sánchez-Muñoz, F. Omentin:
Role in insulin resistance, inflammation and cardiovascular protection. Arch. Cardiol. Mex. 2016, 86, 233–243.
[PubMed]
12. Kuperman, D.A.; Lewis, C.C.; Woodruff, P.G.; Rodriguez, M.W.; Yang, Y.H.; Dolganov, G.M.; Fahy, J.V.;
Erle, D.J. Dissecting asthma using focused transgenic modeling and functional genomics. J. Allergy Clin.
Immunol. 2005, 116, 305–311. [CrossRef] [PubMed]
13. De Souza Batista, C.M.; Yang, R.-Z.; Lee, M.-J.; Glynn, N.M.; Yu, D.-Z.; Pray, J.; Ndubuizu, K.; Patil, S.;
Schwartz, A.; Kligman, M.; et al. Omentin plasma levels and gene expression are decreased in obesity.
Diabetes 2007, 56, 1655–1661. [CrossRef] [PubMed]
14. Tan, B.K.; Adya, R.; Farhatullah, S.; Lewandowski, K.C.; O'Hare, P.; Lehnert, H.; Randeva, H.S. Omentin-1,
a novel adipokine, is decreased in overweight insulin-resistant women with polycystic ovary syndrome:
Ex vivo and in vivo regulation of omentin-1 by insulin and glucose. Diabetes 2008, 57, 801–808. [CrossRef]
[PubMed]
15. Auguet, T.; Quintero, Y.; Riesco, D.; Morancho, B.; Terra, X.; Crescenti, A.; Broch, M.; Aguilar, C.; Olona, M.;
Porras, J.A.; et al. New adipokines vaspin and omentin. Circulating levels and gene expression in adipose
tissue from morbidly obese women. BMC Med. Genet. 2011, 12, 60. [CrossRef] [PubMed]
16. Cătoi, A.F.; Suciu, S¸.; Pârvu, A.E.; Copăescu, C.; Galea, R.F.; Buzoianu, A.D.; Veres¸iu, I.A.; Cătoi, C.; Pop, I.D.
Increased chemerin and decreased omentin-1 levels in morbidly obese patients are correlated with insulin
resistance, oxidative stress and chronic inflammation. Clujul Med. 2014, 87, 19–26. [CrossRef] [PubMed]
17. Os´wie˛cimska, J.; Suwała, A.; S´wie˛tochowska, E.; Ostrowska, Z.; Gorczyca, P.; Ziora-Jakutowicz, K.;
Machura, E.; Szczepan´ska, M.; Kukla, M.; Stojewska, M.; et al. Serum omentin levels in adolescent girls with
anorexia nervosa and obesity. Physiol. Res. 2015, 64, 701–709. [PubMed]
18. Catli, G.; Anik, A.; Abaci, A.; Kume, T.; Bober, E. Low omentin-1 levels are related with clinical and metabolic
parameters in obese children. Exp. Clin. Endocrinol. Diabetes 2013, 121, 595–600. [CrossRef] [PubMed]
19. Prats-Puig, A.; Bassols, J.; Bargalló, E.; Mas-Parareda, M.; Ribot, R.; Soriano-Rodríguez, P.; Berengüí, À.;
Díaz, M.; de Zegher, F.; Ibánez, L.; et al. Toward an early marker of metabolic dysfunction: Omentin-1 in
prepubertal children. Obesity 2011, 19, 1905–1907. [CrossRef] [PubMed]
20. Moreno-Navarrete, J.M.; Catalán, V.; Ortega, F.; Gómez-Ambrosi, J.; Ricart, W.; Frühbeck, G.;
Fernández-Real, J.M. Circulating omentin concentration increases after weight loss. Nutr. Metab. 2010,
7, 27. [CrossRef] [PubMed]
21. Urbanová, M.; Dostálová, I.; Trachta, P.; Drápalová, J.; Kaválková, P.; Haluzíková, D.; Matoulek, M.;
Lacinová, Z.; Mráz, M.; Kasalický, M.; et al. Serum concentrations and subcutaneous adipose tissue
mrna expression of omentin in morbid obesity and type 2 diabetes mellitus: The effect of very-low-calorie
diet, physical activity and laparoscopic sleeve gastrectomy. Physiol. Res. 2014, 63, 207–218. [PubMed]
22. Saremi, A.; Asghari, M.; Ghorbani, A. Effects of aerobic training on serum omentin-1 and cardiometabolic
risk factors in overweight and obese men. J. Sports Sci. 2010, 28, 993–998. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1770 20 of 27
23. AminiLari, Z.; Fararouei, M.; Amanat, S.; Sinaei, E.; Dianatinasab, S.; AminiLari, M.; Daneshi, N.;
Dianatinasab, M. The effect of 12 weeks aerobic, resistance, and combined exercises on omentin-1 levels and
insulin resistance among type 2 diabetic middle-aged women. Diabetes Metab. J. 2017, 41, 205–212. [CrossRef]
[PubMed]
24. Zehsaz, F.; Farhangi, N.; Ghahramani, M. The response of circulating omentin-1 concentration to 16-week
exercise training in male children with obesity. Phys. Sportsmed. 2016, 44, 355–361. [CrossRef] [PubMed]
25. Faramarzi, M.; Banitalebi, E.; Nori, S.; Farzin, S.; Taghavian, Z. Effects of rhythmic aerobic exercise plus
core stability training on serum omentin, chemerin and vaspin levels and insulin resistance of overweight
women. J. Sports Med. Phys. Fit. 2016, 56, 476–482.
26. Jialal, I.; Devaraj, S.; Kaur, H.; Adams-Huet, B.; Bremer, A.A. Increased chemerin and decreased omentin-1
in both adipose tissue and plasma in nascent metabolic syndrome. J. Clin. Endocrinol. Metab. 2013, 98,
E514–E517. [CrossRef] [PubMed]
27. Shang, F.J.; Wang, J.P.; Liu, X.T.; Zheng, Q.S.; Xue, Y.S.; Wang, B.; Zhao, L.Y. Serum omentin-1 levels are
inversely associated with the presence and severity of coronary artery disease in patients with metabolic
syndrome. Biomarkers 2011, 16, 657–662. [CrossRef] [PubMed]
28. Vu, A.; Sidhom, M.S.; Bredbeck, B.C.; Kosmiski, L.A.; Aquilante, C.L. Evaluation of the relationship between
circulating omentin-1 concentrations and components of the metabolic syndrome in adults without type 2
diabetes or cardiovascular disease. Diabetol. Metab. Syndr. 2014, 6, 4. [CrossRef] [PubMed]
29. Pan, H.Y.; Guo, L.; Li, Q. Changes of serum omentin-1 levels in normal subjects and in patients with impaired
glucose regulation and with newly diagnosed and untreated type 2 diabetes. Diabetes Res. Clin. Pract. 2010,
88, 29–33. [CrossRef] [PubMed]
30. El-Mesallamy, H.O.; El-Derany, M.O.; Hamdy, N.M. Serum omentin-1 and chemerin levels are interrelated
in patients with type 2 diabetes mellitus with or without ischaemic heart disease. Diabet. Med. 2011, 28,
1194–1200. [CrossRef] [PubMed]
31. Akour, A.; Kasabri, V.; Boulatova, N.; Bustanji, Y.; Naffa, R.; Hyasat, D.; Khawaja, N.; Bustanji, H.; Zayed, A.;
Momani, M. Levels of metabolic markers in drug-naive prediabetic and type 2 diabetic patients. Acta Diabetol.
2017, 54, 163–170. [CrossRef] [PubMed]
32. Wittenbecher, C.; Menzel, J.; Carstensen-Kirberg, M.; Biemann, R.; di Giuseppe, R.; Fritsche, A.; Isermann, B.;
Herder, C.; Aleksandrova, K.; Boeing, H.; et al. Omentin-1, adiponectin, and the risk of developing type 2
diabetes. Diabetes Care 2016, 39, e79–e80. [CrossRef] [PubMed]
33. Polkowska, A.; Szczepaniak, I.; Bossowski, A. Assessment of serum concentrations of ghrelin, obestatin,
omentin-1, and apelin in children with type 1 diabetes. BioMed Res. Int. 2016, 2016, 5. [CrossRef] [PubMed]
34. Brunetti, L.; Di Nisio, C.; Recinella, L.; Chiavaroli, A.; Leone, S.; Ferrante, C.; Orlando, G.; Vacca, M. Effects
of vaspin, chemerin and omentin-1 on feeding behavior and hypothalamic peptide gene expression in the
rat. Peptides 2011, 32, 1866–1871. [CrossRef] [PubMed]
35. Brunetti, L.; Orlando, G.; Ferrante, C.; Recinella, L.; Leone, S.; Chiavaroli, A.; Di Nisio, C.; Shohreh, R.;
Manippa, F.; Ricciuti, A.; et al. Orexigenic effects of omentin-1 related to decreased cart and crh gene
expression and increased norepinephrine synthesis and release in the hypothalamus. Peptides 2013, 44, 66–74.
[CrossRef] [PubMed]
36. Eichelmann, F.; Rudovich, N.; Pfeiffer, A.F.; Schulze, M.B.; Giuseppe, R.D.; Boeing, H.; Aleksandrova, K.
Novel adipokines: Methodological utility in human obesity research. Int. J. Obes. 2017, 41, 976–981.
[CrossRef] [PubMed]
37. Heiker, J.T. Vaspin (serpina12) in obesity, insulin resistance, and inflammation. J. Pept. Sci. 2014, 20, 299–306.
[CrossRef] [PubMed]
38. Hida, K.; Wada, J.; Zhang, H.; Hiragushi, K.; Tsuchiyama, Y.; Shikata, K.; Makino, H. Identification of
genes specifically expressed in the accumulated visceral adipose tissue of OLETF rats. J. Lipid Res. 2000, 41,
1615–1622. [PubMed]
39. Hida, K.; Wada, J.; Eguchi, J.; Zhang, H.; Baba, M.; Seida, A.; Hashimoto, I.; Okada, T.; Yasuhara, A.;
Nakatsuka, A.; et al. Visceral adipose tissue-derived serine protease inhibitor: A unique insulin-sensitizing
adipocytokine in obesity. Proc. Natl. Acad. Sci. USA 2005, 102, 10610–10615. [CrossRef] [PubMed]
40. Körner, A.; Neef, M.; Friebe, D.; Erbs, S.; Kratzsch, J.; Dittrich, K.; Blüher, S.; Kapellen, T.M.; Kovacs, P.;
Stumvoll, M.; et al. Vaspin is related to gender, puberty and deteriorating insulin sensitivity in children. Int.
J. Obes. 2011, 35, 578–586. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1770 21 of 27
41. Goktas, Z.; Owens, S.; Boylan, M.; Syn, D.; Shen, C.L.; Reed, D.B.; San Francisco, S.; Wang, S. Associations
between tissue visfatin/nicotinamide, phosphoribosyltransferase (Nampt), retinol binding protein-4, and
vaspin concentrations and insulin resistance in morbidly obese subjects. Mediat. Inflamm. 2013, 2013, 861496.
[CrossRef] [PubMed]
42. Klöting, N.; Berndt, J.; Kralisch, S.; Kovacs, P.; Fasshauer, M.; Schön, M.R.; Stumvoll, M.; Blüher, M. Vaspin
gene expression in human adipose tissue: Association with obesity and type 2 diabetes. Biochem. Biophys.
Res. Commun. 2006, 339, 430–436. [CrossRef] [PubMed]
43. Youn, B.S.; Klöting, N.; Kratzsch, J.; Lee, N.; Park, J.W.; Song, E.S.; Ruschke, K.; Oberbach, A.; Fasshauer, M.;
Stumvoll, M.; et al. Serum vaspin concentrations in human obesity and type 2 diabetes. Diabetes 2008, 57,
372–377. [CrossRef] [PubMed]
44. Seeger, J.; Ziegelmeier, M.; Bachmann, A.; Lössner, U.; Kratzsch, J.; Blüher, M.; Stumvoll, M.; Fasshauer, M.
Serum levels of the adipokine vaspin in relation to metabolic and renal parameters. J. Clin. Endocrinol. Metab.
2008, 93, 247–251. [CrossRef] [PubMed]
45. Von Loeffelholz, C.; Möhlig, M.; Arafat, A.M.; Isken, F.; Spranger, J.; Mai, K.; Randeva, H.S.; Pfeiffer, A.F.;
Weickert, M.O. Circulating vaspin is unrelated to insulin sensitivity in a cohort of nondiabetic humans. Eur. J.
Endocrinol. 2010, 162, 507–513. [CrossRef] [PubMed]
46. Choi, S.H.; Kwak, S.H.; Lee, Y.; Moon, M.K.; Lim, S.; Park, Y.J.; Jang, H.C.; Kim, M.S. Plasma vaspin
concentrations are elevated in metabolic syndrome in men and are correlated with coronary atherosclerosis
in women. Clin. Endocrinol. 2011, 75, 628–635. [CrossRef] [PubMed]
47. Moradi, S.; Mirzaei, K.; Abdurahman, A.A.; Keshavarz, S.A.; Hossein-Nezhad, A. Mediatory effect of
circulating vaspin on resting metabolic rate in obese individuals. Eur. J. Nutr. 2016, 55, 1297–1305. [CrossRef]
[PubMed]
48. Aust, G.; Richter, O.; Rohm, S.; Kerner, C.; Hauss, J.; Klöting, N.; Ruschke, K.; Kovacs, P.; Youn, B.S.; Blüher, M.
Vaspin serum concentrations in patients with carotid stenosis. Atherosclerosis 2009, 204, 262–266. [CrossRef]
[PubMed]
49. Suleymanoglu, S.; Tascilar, E.; Pirgon, O.; Tapan, S.; Meral, C.; Abaci, A. Vaspin and its correlation with
insulin sensitivity indices in obese children. Diabetes Res. Clin. Pract. 2009, 84, 325–328. [CrossRef] [PubMed]
50. Handisurya, A.; Riedl, M.; Vila, G.; Maier, C.; Clodi, M.; Prikoszovich, T.; Ludvik, B.; Prager, G.; Luger, A.;
Kautzky-Willer, A. Serum vaspin concentrations in relation to insulin sensitivity following RYGB-induced
weight loss. Obes. Surg. 2010, 20, 198–203. [CrossRef] [PubMed]
51. Chang, H.M.; Park, H.S.; Park, C.Y.; Song, Y.S.; Jang, Y.J. Association between serum vaspin concentrations
and visceral adipose tissue in Korean subjects. Metabolism 2010, 59, 1276–1281. [CrossRef] [PubMed]
52. Tan, B.K.; Heutling, D.; Chen, J.; Farhatullah, S.; Adya, R.; Keay, S.D.; Kennedy, C.R.; Lehnert, H.;
Randeva, H.S. Metformin decreases the adipokine vaspin in overweight women with polycystic ovary
syndrome concomitant with improvement in insulin sensitivity and a decrease in insulin resistance. Diabetes
2008, 57, 1501–1507. [CrossRef] [PubMed]
53. Xu, X.; Wen, J.; Lu, Y.; Ji, H.; Zhuang, J.; Su, Y.; Liu, B.; Li, H.; Xu, Y. Impact of age on plasma vaspin
concentration in a group of normal chinese people. J. Endocrinol. Investig. 2017, 40, 143–151. [CrossRef]
[PubMed]
54. Sperling, M.; Grzelak, T.; Pelczyn´ska, M.; Jasinska, P.; Bogdanski, P.; Pupek-Musialik, D.; Czyzewska, K.
Concentrations of omentin and vaspin versus insulin resistance in obese individuals. Biomed. Pharmacother.
2016, 83, 542–547. [CrossRef] [PubMed]
55. Ko, B.J.; Lee, M.; Park, H.S.; Han, K.; Cho, G.J.; Hwang, T.G.; Kim, J.H.; Lee, S.H.; Lee, H.Y.; Kim, S.M.
Elevated vaspin and leptin levels are associated with obesity in prepubertal Korean children. Endocr. J. 2013,
60, 609–616. [CrossRef] [PubMed]
56. Jeong, E.; Youn, B.S.; Kim, D.W.; Kim, E.H.; Park, J.W.; Namkoong, C.; Jeong, J.Y.; Yoon, S.Y.; Park, J.Y.;
Lee, K.U.; et al. Circadian rhythm of serum vaspin in healthy male volunteers: Relation to meals. J. Clin.
Endocrinol. Metab. 2010, 95, 1869–1875. [CrossRef] [PubMed]
57. Kovacs, P.; Miehle, K.; Sandner, B.; Stumvoll, M.; Blüher, M. Insulin administration acutely decreases vaspin
serum concentrations in humans. Obes. Facts 2013, 6, 86–88. [CrossRef] [PubMed]
58. Oberbach, A.; Kirsch, K.; Lehmann, S.; Schlichting, N.; Fasshauer, M.; Zarse, K.; Stumvoll, M.; Ristow, M.;
Blüher, M.; Kovacs, P. Serum vaspin concentrations are decreased after exercise-induced oxidative stress.
Obes. Facts 2010, 3, 328–331. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1770 22 of 27
59. Cho, J.K.; Han, T.K.; Kang, H.S. Combined effects of body mass index and cardio/respiratory fitness on
serum vaspin concentrations in korean young men. Eur. J. Appl. Physiol. 2010, 108, 347–353. [CrossRef]
[PubMed]
60. Saboori, S.; Hosseinzadeh-Attar, M.J.; Yousefi Rad, E.; Hosseini, M.; Mirzaei, K.; Ahmadivand, Z. The
comparison of serum vaspin and visfatin concentrations in obese and normal weight women. Diabetes Metab.
Syndr. 2015, 9, 320–323. [CrossRef] [PubMed]
61. Dai, R.; Dong, Z.; Qian, Y.; Han, Y. Obese type 2 diabetes mellitus patients have higher serum vaspin
concentrations. J. Diabetes 2016, 8, 445–447. [CrossRef] [PubMed]
62. Feng, R.; Li, Y.; Wang, C.; Luo, C.; Liu, L.; Chuo, F.; Li, Q.; Sun, C. Higher vaspin levels in subjects with
obesity and type 2 diabetes mellitus: A meta-analysis. Diabetes. Res. Clin. Pract. 2014, 106, 88–94. [CrossRef]
[PubMed]
63. Blüher, M. Vaspin in obesity and diabetes: Pathophysiological and clinical significance. Endocrine 2012, 41,
176–182. [CrossRef] [PubMed]
64. Martos-Moreno, G.; Kratzsch, J.; Körner, A.; Barrios, V.; Hawkins, F.; Kiess, W.; Argente, J. Serum visfatin and
vaspin levels in prepubertal children: Effect of obesity and weight loss after behavior modifications on their
secretion and relationship with glucose metabolism. Int. J. Obes. 2011, 35, 1355–1362. [CrossRef] [PubMed]
65. Chang, H.M.; Lee, H.J.; Park, H.S.; Kang, J.H.; Kim, K.S.; Song, Y.S.; Jang, Y.J. Effects of weight reduction
on serum vaspin concentrations in obese subjects: Modification by insulin resistance. Obesity 2010, 18,
2105–2110. [CrossRef] [PubMed]
66. Golpaie, A.; Tajik, N.; Masoudkabir, F.; Karbaschian, Z.; Talebpour, M.; Hoseini, M.; Hosseinzadeh-Attar, M.J.
Short-term effect of weight loss through restrictive bariatric surgery on serum levels of vaspin in morbidly
obese subjects. Eur. Cytokine Netw. 2011, 22, 181–186. [PubMed]
67. Wada, J. Vaspin: A novel serpin with insulin-sensitizing effects. Expert Opin. Investig. Drugs 2008, 17, 327–333.
[CrossRef] [PubMed]
68. Li, K.; Li, L.; Yang, M.; Liu, H.; Liu, D.; Yang, H.; Boden, G.; Yang, G. Short-term continuous subcutaneous
insulin infusion decreases the plasma vaspin levels in patients with type 2 diabetes mellitus concomitant
with improvement in insulin sensitivity. Eur. J. Endocrinol. 2011, 164, 905–910. [CrossRef] [PubMed]
69. Kadoglou, N.P.; Gkontopoulos, A.; Kapelouzou, A.; Fotiadis, G.; Theofilogiannakos, E.K.; Kottas, G.;
Lampropoulos, S. Serum levels of vaspin and visfatin in patients with coronary artery disease-kozani
study. Clin. Chim. Acta 2011, 412, 48–52. [CrossRef] [PubMed]
70. Jian, W.; Peng, W.; Xiao, S.; Li, H.; Jin, J.; Qin, L.; Dong, Y.; Su, Q. Role of serum vaspin in progression of type
2 diabetes: A 2-year cohort study. PLoS ONE 2014, 9, e94763. [CrossRef] [PubMed]
71. Tönjes, A.; Fasshauer, M.; Kratzsch, J.; Stumvoll, M.; Blüher, M. Adipokine pattern in subjects with impaired
fasting glucose and impaired glucose tolerance in comparison to normal glucose tolerance and diabetes.
PLoS ONE 2010, 5, e13911. [CrossRef] [PubMed]
72. Mm, W.Q.; Fan, J.; Khor, S.; Song, M.; Hong, W.; Dai, X. Serum vaspin levels and vaspin mRNA expression
in subcutaneous adipose tissue in women with gestational diabetes mellitus. Eur. J. Obstet. Gynecol. Reprod.
Biol. 2014, 182, 98–101. [CrossRef] [PubMed]
73. Heiker, J.T.; Klöting, N.; Kovacs, P.; Kuettner, E.B.; Sträter, N.; Schultz, S.; Kern, M.; Stumvoll, M.; Blüher, M.;
Beck-Sickinger, A.G. Vaspin inhibits kallikrein 7 by serpin mechanism. Cell. Mol. Life Sci. 2013, 70, 2569–2583.
[CrossRef] [PubMed]
74. Pennica, D.; Shaw, K.J.; Swanson, T.A.; Moore, M.W.; Shelton, D.L.; Zioncheck, K.A.; Rosenthal, A.; Taga, T.;
Paoni, N.F.; Wood, W.I. Cardiotrophin-1. Biological activities and binding to the leukemia inhibitory factor
receptor/gp130 signaling complex. J. Biol. Chem. 1995, 270, 10915–10922. [CrossRef] [PubMed]
75. Pennica, D.; Swanson, T.A.; Shaw, K.J.; Kuang, W.J.; Gray, C.L.; Beatty, B.G.; Wood, W.I. Human
cardiotrophin-1: Protein and gene structure, biological and binding activities, and chromosomal localization.
Cytokine 1996, 8, 183–189. [CrossRef] [PubMed]
76. Ishikawa, M.; Saito, Y.; Miyamoto, Y.; Kuwahara, K.; Ogawa, E.; Nakagawa, O.; Harada, M.; Masuda, I.;
Nakao, K. cDNA cloning of rat cardiotrophin-1 (CT-1): Augmented expression of ct-1 gene in ventricle of
genetically hypertensive rats. Biochem. Biophys. Res. Commun. 1996, 219, 377–381. [CrossRef] [PubMed]
77. Pennica, D.; King, K.L.; Shaw, K.J.; Luis, E.; Rullamas, J.; Luoh, S.M.; Darbonne, W.C.; Knutzon, D.S.; Yen, R.;
Chien, K.R. Expression cloning of cardiotrophin 1, a cytokine that induces cardiac myocyte hypertrophy.
Proc. Natl. Acad. Sci. USA 1995, 92, 1142–1146. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1770 23 of 27
78. Rose-John, S.; Scheller, J.; Schaper, F. “Family reunion” a structured view on the composition of the receptor
complexes of interleukin-6-type and interleukin-12-type cytokines. Cytokine Growth Factor. Rev. 2015, 26,
471–474. [CrossRef] [PubMed]
79. Gadient, R.A.; Patterson, P.H. Leukemia inhibitory factor, interleukin 6, and other cytokines using the gp130
transducing receptor: Roles in inflammation and injury. Stem Cells 1999, 17, 127–137. [CrossRef] [PubMed]
80. Natal, C.; Fortuño, M.A.; Restituto, P.; Bazán, A.; Colina, I.; Díez, J.; Varo, N. Cardiotrophin-1 is expressed
in adipose tissue and upregulated in the metabolic syndrome. Am. J. Physiol. Endocrinol. Metab. 2008, 294,
E52–E60. [CrossRef] [PubMed]
81. López-Yoldi, M.; Marcos-Gomez, B.; Romero-Lozano, M.A.; Sáinz, N.; Prieto, J.; Martínez, J.A.; Bustos, M.;
Moreno-Aliaga, M.J. Cardiotrophin-1 regulates adipokine production in 3T3-L1 adipocytes and adipose
tissue from obese mice. J. Cell. Physiol. 2017, 232, 2469–2477. [CrossRef] [PubMed]
82. López-Yoldi, M.; Moreno-Aliaga, M.J.; Bustos, M. Cardiotrophin-1: A multifaceted cytokine. Cytokine Growth
Factor Rev. 2015, 26, 523–532. [CrossRef] [PubMed]
83. López-Yoldi, M.; Stanhope, K.L.; Garaulet, M.; Chen, X.G.; Marcos-Gómez, B.; Carrasco-Benso, M.P.; Santa
Maria, E.M.; Escoté, X.; Lee, V.; Nunez, M.V.; et al. Role of cardiotrophin-1 in the regulation of metabolic
circadian rhythms and adipose core clock genes in mice and characterization of 24-h circulating CT-1 profiles
in normal-weight and overweight/obese subjects. FASEB J. 2017, 31, 1639–1649. [CrossRef] [PubMed]
84. Garaulet, M.; Madrid, J.A. Chronobiology, genetics and metabolic syndrome. Curr. Opin. Lipidol. 2009, 20,
127–134. [CrossRef] [PubMed]
85. Van der Spek, R.; Kreier, F.; Fliers, E.; Kalsbeek, A. Circadian rhythms in white adipose tissue. Prog. Brain
Res. 2012, 199, 183–201. [PubMed]
86. Moreno-Aliaga, M.J.; Pérez-Echarri, N.; Marcos-Gómez, B.; Larequi, E.; Gil-Bea, F.J.; Viollet, B.; Gimenez, I.;
Martínez, J.A.; Prieto, J.; Bustos, M. Cardiotrophin-1 is a key regulator of glucose and lipid metabolism. Cell.
Metab. 2011, 14, 242–253. [CrossRef] [PubMed]
87. Castaño, D.; Larequi, E.; Belza, I.; Astudillo, A.M.; Martínez-Ansó, E.; Balsinde, J.; Argemi, J.; Aragon, T.;
Moreno-Aliaga, M.J.; Muntane, J.; et al. Cardiotrophin-1 eliminates hepatic steatosis in obese mice by
mechanisms involving ampk activation. J. Hepatol. 2014, 60, 1017–1025. [CrossRef] [PubMed]
88. Pérez-Matute, P.; Pichel, J.G.; Iñiguez, M.; Recio-Fernández, E.; Pérez-Martínez, L.; Torrens, R.; Blanco, J.R.;
Oteo, J.A. Maraviroc ameliorates the increased adipose tissue macrophage recruitment induced by a high-fat
diet in a mouse model of obesity. Antivir. Ther. 2017, 22, 163–168. [CrossRef] [PubMed]
89. Sanchez-Infantes, D.; White, U.A.; Elks, C.M.; Morrison, R.F.; Gimble, J.M.; Considine, R.V.; Ferrante, A.W.;
Ravussin, E.; Stephens, J.M. Oncostatin M is produced in adipose tissue and is regulated in conditions of
obesity and type 2 diabetes. J. Clin. Endocrinol. Metab. 2014, 99, E217–E225. [CrossRef] [PubMed]
90. Malavazos, A.E.; Ermetici, F.; Morricone, L.; Delnevo, A.; Coman, C.; Ambrosi, B.; Corsi, M.M. Association
of increased plasma cardiotrophin-1 with left ventricular mass indexes in normotensive morbid obesity.
Hypertension 2008, 51, e8. [CrossRef] [PubMed]
91. Rendo-Urteaga, T.; García-Calzón, S.; Martínez-Ansó, E.; Chueca, M.; Oyarzabal, M.; Azcona-Sanjulián, M.C.;
Bustos, M.; Moreno-Aliaga, M.J.; Martínez, J.A.; Marti, A. Decreased cardiotrophin-1 levels are associated
with a lower risk of developing the metabolic syndrome in overweight/obese children after a weight loss
program. Metabolism 2013, 62, 1429–1436. [CrossRef] [PubMed]
92. Hung, H.C.; Lu, F.H.; Wu, H.T.; Ou, H.Y.; Yang, Y.C.; Wu, J.S.; Chang, C.J. Cardiotrophin-1 is inversely
associated with obesity in non-diabetic individuals. Sci. Rep. 2015, 5, 17438. [CrossRef] [PubMed]
93. Jung, C.; Fritzenwanger, M.; Figulla, H.R. Cardiotrophin-1 in adolescents: Impact of obesity and blood
pressure. Hypertension 2008, 52, e6. [CrossRef] [PubMed]
94. Schroers, A.; Hecht, O.; Kallen, K.J.; Pachta, M.; Rose-John, S.; Grötzinger, J. Dynamics of the gp130 cytokine
complex: A model for assembly on the cellular membrane. Protein Sci. 2005, 14, 783–790. [CrossRef]
[PubMed]
95. Robledo, O.; Fourcin, M.; Chevalier, S.; Guillet, C.; Auguste, P.; Pouplard-Barthelaix, A.; Pennica, D.;
Gascan, H. Signaling of the cardiotrophin-1 receptor. Evidence for a third receptor component. J. Biol. Chem.
1997, 272, 4855–4863. [CrossRef] [PubMed]
96. Cheng, J.G.; Pennica, D.; Patterson, P.H. Cardiotrophin-1 induces the same neuropeptides in sympathetic
neurons as do neuropoietic cytokines. J. Neurochem. 1997, 69, 2278–2284. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1770 24 of 27
97. Zvonic, S.; Hogan, J.C.; Arbour-Reily, P.; Mynatt, R.L.; Stephens, J.M. Effects of cardiotrophin on adipocytes.
J. Biol. Chem. 2004, 279, 47572–47579. [CrossRef] [PubMed]
98. López-Yoldi, M.; Fernández-Galilea, M.; Laiglesia, L.M.; Larequi, E.; Prieto, J.; Martínez, J.A.; Bustos, M.;
Moreno-Aliaga, M.J. Cardiotrophin-1 stimulates lipolysis through the regulation of main adipose tissue
lipases. J. Lipid Res. 2014, 55, 2634–2643. [CrossRef] [PubMed]
99. Romacho, T.; Elsen, M.; Röhrborn, D.; Eckel, J. Adipose tissue and its role in organ crosstalk. Acta Physiol.
2014, 210, 733–753. [CrossRef] [PubMed]
100. López-Yoldi, M.; Castilla-Madrigal, R.; Lostao, M.P.; Barber, A.; Prieto, J.; Martínez, J.A.; Bustos, M.;
Moreno-Aliaga, M.J. Cardiotrophin-1 decreases intestinal sugar uptake in mice and in caco-2 cells. Acta
Physiol. 2016, 217, 217–226. [CrossRef] [PubMed]
101. Chao, E.C. Sglt-2 inhibitors: A new mechanism for glycemic control. Clin. Diabetes 2014, 32, 4–11. [CrossRef]
[PubMed]
102. Chicheportiche, Y.; Bourdon, P.R.; Xu, H.; Hsu, Y.M.; Scott, H.; Hession, C.; Garcia, I.; Browning, J.L. Tweak,
a new secreted ligand in the tumor necrosis factor family that weakly induces apoptosis. J. Biol. Chem. 1997,
272, 32401–32410. [CrossRef] [PubMed]
103. Tiller, G.; Laumen, H.; Fischer-Posovszky, P.; Finck, A.; Skurk, T.; Keuper, M.; Brinkmann, U.; Wabitsch, M.;
Link, D.; Hauner, H. Light (TNFSF14) inhibits adipose differentiation without affecting adipocyte metabolism.
Int. J. Obes. 2011, 35, 208–216. [CrossRef] [PubMed]
104. Tajrishi, M.M.; Zheng, T.S.; Burkly, L.C.; Kumar, A. The TWEAK-Fn14 pathway: A potent regulator of
skeletal muscle biology in health and disease. Cytokine Growth Factor Rev. 2014, 25, 215–225. [CrossRef]
[PubMed]
105. Burkly, L.C. Regulation of tissue responses: The TWEAK/Fn14 pathway and other TNF/TNFR superfamily
members that activate non-canonical nfκb signaling. Front. Immunol. 2015, 6, 92. [CrossRef] [PubMed]
106. Nakayama, M.; Ishidoh, K.; Kayagaki, N.; Kojima, Y.; Yamaguchi, N.; Nakano, H.; Kominami, E.;
Okumura, K.; Yagita, H. Multiple pathways of tweak-induced cell death. J. Immunol. 2002, 168, 734–743.
[CrossRef] [PubMed]
107. Burkly, L.C.; Michaelson, J.S.; Zheng, T.S. TWEAK/Fn pathway: An immunological switch for shaping
tissue responses. Immunol. Rev. 2011, 244, 99–114. [CrossRef] [PubMed]
108. Kawakita, T.; Shiraki, K.; Yamanaka, Y.; Yamaguchi, Y.; Saitou, Y.; Enokimura, N.; Yamamoto, N.; Okano, H.;
Sugimoto, K.; Murata, K.; et al. Functional expression of tweak in human hepatocellular carcinoma: Possible
implication in cell proliferation and tumor angiogenesis. Biochem. Biophys. Res. Commun. 2004, 318, 726–733.
[CrossRef] [PubMed]
109. Tran, N.L.; McDonough, W.S.; Donohue, P.J.; Winkles, J.A.; Berens, T.J.; Ross, K.R.; Hoelzinger, D.B.;
Beaudry, C.; Coons, S.W.; Berens, M.E. The human fn14 receptor gene is up-regulated in migrating glioma
cells in vitro and overexpressed in advanced glial tumors. Am. J. Pathol. 2003, 162, 1313–1321. [CrossRef]
110. Nakayama, M.; Harada, N.; Okumura, K.; Yagita, H. Characterization of murine tweak and its receptor
(fn14) by monoclonal antibodies. Biochem. Biophys. Res. Commun. 2003, 306, 819–825. [CrossRef]
111. Chacón, M.R.; Richart, C.; Gómez, J.M.; Megía, A.; Vilarrasa, N.; Fernández-Real, J.M.; García-España, A.;
Miranda, M.; Masdevall, C.; Ricard, W.; et al. Expression of tweak and its receptor fn14 in human
subcutaneous adipose tissue. Relationship with other inflammatory cytokines in obesity. Cytokine 2006, 33,
129–137. [CrossRef] [PubMed]
112. Girgenrath, M.; Weng, S.; Kostek, C.A.; Browning, B.; Wang, M.; Brown, S.A.; Winkles, J.A.; Michaelson, J.S.;
Allaire, N.; Schneider, P.; et al. Tweak, via its receptor fn14, is a novel regulator of mesenchymal progenitor
cells and skeletal muscle regeneration. EMBO J. 2006, 25, 5826–5839. [CrossRef] [PubMed]
113. Jakubowski, A.; Ambrose, C.; Parr, M.; Lincecum, J.M.; Wang, M.Z.; Zheng, T.S.; Browning, B.;
Michaelson, J.S.; Baetscher, M.; Baestcher, M.; et al. Tweak induces liver progenitor cell proliferation.
J. Clin. Investig. 2005, 115, 2330–2340. [CrossRef] [PubMed]
114. Novoyatleva, T.; Schymura, Y.; Janssen, W.; Strobl, F.; Swiercz, J.M.; Patra, C.; Posern, G.; Wietelmann, A.;
Zheng, T.S.; Schermuly, R.T.; et al. Deletion of Fn14 receptor protects from right heart fibrosis and dysfunction.
Basic Res. Cardiol. 2013, 108, 325. [CrossRef] [PubMed]
115. Lozano-Bartolomé, J.; Llauradó, G.; Rodriguez, M.M.; Fernandez-Real, J.M.; Garcia-Fontgivell, J.F.; Puig, J.;
Maymó-Masip, E.; Vendrell, J.; Chacón, M.R. Reduced circulating levels of stweak are associated with nafld
and may affect hepatocyte triglyceride accumulation. Int. J. Obes. 2016, 40, 1337–1345. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1770 25 of 27
116. Tirnitz-Parker, J.E.; Viebahn, C.S.; Jakubowski, A.; Klopcic, B.R.; Olynyk, J.K.; Yeoh, G.C.; Knight, B. Tumor
necrosis factor-like weak inducer of apoptosis is a mitogen for liver progenitor cells. Hepatology 2010, 52,
291–302. [CrossRef] [PubMed]
117. Mustonen, E.; Säkkinen, H.; Tokola, H.; Isopoussu, E.; Aro, J.; Leskinen, H.; Ruskoaho, H.; Rysä, J. Tumour
necrosis factor-like weak inducer of apoptosis (TWEAK) and its receptor fn14 during cardiac remodelling in
rats. Acta Physiol. 2010, 199, 11–22. [CrossRef] [PubMed]
118. Dohi, T.; Borodovsky, A.; Wu, P.; Shearstone, J.R.; Kawashima, R.; Runkel, L.; Rajman, L.; Dong, X.; Scott, M.L.;
Michaelson, J.S.; et al. Tweak/fn14 pathway: A nonredundant role in intestinal damage in mice through a
tweak/intestinal epithelial cell axis. Gastroenterology 2009, 136, 912–923. [CrossRef] [PubMed]
119. Mittal, A.; Bhatnagar, S.; Kumar, A.; Lach-Trifilieff, E.; Wauters, S.; Li, H.; Makonchuk, D.Y.; Glass, D.J. The
TWEAK/Fn4 system is a critical regulator of denervation-induced skeletal muscle atrophy in mice. J. Cell.
Biol. 2010, 188, 833–849. [CrossRef] [PubMed]
120. Muñoz-García, B.; Martín-Ventura, J.L.; Martínez, E.; Sánchez, S.; Hernández, G.; Ortega, L.; Ortiz, A.;
Egido, J.; Blanco-Colio, L.M. Fn14 is upregulated in cytokine-stimulated vascular smooth muscle cells and is
expressed in human carotid atherosclerotic plaques: Modulation by atorvastatin. Stroke 2006, 37, 2044–2053.
[CrossRef] [PubMed]
121. Justo, P.; Sanz, A.B.; Sanchez-Niño, M.D.; Winkles, J.A.; Lorz, C.; Egido, J.; Ortiz, A. Cytokine cooperation in
renal tubular cell injury: The role of tweak. Kidney Int. 2006, 70, 1750–1758. [CrossRef] [PubMed]
122. Vendrell, J.; Maymó-Masip, E.; Tinahones, F.; García-España, A.; Megia, A.; Caubet, E.; García-Fuentes, E.;
Chacón, M.R. Tumor necrosis-like weak inducer of apoptosis as a proinflammatory cytokine in human
adipocyte cells: Up-regulation in severe obesity is mediated by inflammation but not hypoxia. J. Clin.
Endocrinol. Metab. 2010, 95, 2983–2992. [CrossRef] [PubMed]
123. Llauradó, G.; González-Clemente, J.M.; Maymó-Masip, E.; Subías, D.; Vendrell, J.; Chacón, M.R. Serum levels
of TWEAK and scavenger receptor CD163 in type 1 diabetes mellitus: Relationship with cardiovascular risk
factors. A case-control study. PLoS ONE 2012, 7, e43919. [CrossRef] [PubMed]
124. Maymó-Masip, E.; Fernández-Veledo, S.; Garcia España, A.; Vázquez-Carballo, A.; Tinahones, F.J.;
García-Fuentes, E.; Garrifo-Sanchez, L.; Rodriguez, M.E.M.; Vendrell, J.; Chacón, M.R. The rise of soluble
TWEAK levels in severely obese subjects after bariatric surgery may affect adipocyte-cytokine production
induced by TNFα. J. Clin. Endocrinol. Metab. 2013, 98, E1323–E1333. [CrossRef] [PubMed]
125. Maecker, H.; Varfolomeev, E.; Kischkel, F.; Lawrence, D.; LeBlanc, H.; Lee, W.; Hurst, S.; Danilenko, D.; Li, J.;
Filvaroff, E.; et al. Tweak attenuates the transition from innate to adaptive immunity. Cell 2005, 123, 931–944.
[CrossRef] [PubMed]
126. Alexaki, V.I.; Notas, G.; Pelekanou, V.; Kampa, M.; Valkanou, M.; Theodoropoulos, P.; Stathopoulos, E.N.;
Tsapis, A.; Castanas, E. Adipocytes as immune cells: Differential expression of tweak, baff, and april and
their receptors (Fn14, BAFF-R, TACI, and BCMA) at different stages of normal and pathological adipose
tissue development. J. Immunol. 2009, 183, 5948–5956. [CrossRef] [PubMed]
127. Tiller, G.; Fischer-Posovszky, P.; Laumen, H.; Finck, A.; Skurk, T.; Keuper, M.; Brinkmann, U.; Wabitsch, M.;
Link, D.; Hauner, H. Effects of tweak (TNF superfamily member 12) on differentiation, metabolism, and
secretory function of human primary preadipocytes and adipocytes. Endocrinology 2009, 150, 5373–5383.
[CrossRef] [PubMed]
128. Bennett, G.; Strissel, K.J.; DeFuria, J.; Wang, J.; Wu, D.; Burkly, L.C.; Obin, M.S. Deletion of TNF-like weak
inducer of apoptosis (tweak) protects mice from adipose and systemic impacts of severe obesity. Obesity
2014, 22, 1485–1494. [CrossRef] [PubMed]
129. Kralisch, S.; Ziegelmeier, M.; Bachmann, A.; Seeger, J.; Lössner, U.; Blüher, M.; Stumvoll, M.; Fasshauer, M.
Serum levels of the atherosclerosis biomarker stweak are decreased in type 2 diabetes and end-stage renal
disease. Atherosclerosis 2008, 199, 440–444. [CrossRef] [PubMed]
130. Yilmaz, M.I.; Sonmez, A.; Ortiz, A.; Saglam, M.; Kilic, S.; Eyileten, T.; Caglar, K.; Oguz, Y.; Vural, A.;
Çakar, M.; et al. Soluble tweak and ptx3 in nondialysis ckd patients: Impact on endothelial dysfunction and
cardiovascular outcomes. Clin. J. Am. Soc. Nephrol. 2011, 6, 785–792. [CrossRef] [PubMed]
131. Carrero, J.J.; Ortiz, A.; Qureshi, A.R.; Martín-Ventura, J.L.; Bárány, P.; Heimbürger, O.; Marrón, B.; Metry, G.;
Snaedal, S.; Lindholm, B.; et al. Additive effects of soluble tweak and inflammation on mortality in
hemodialysis patients. Clin. J. Am. Soc. Nephrol. 2009, 4, 110–118. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1770 26 of 27
132. Yilmaz, M.I.; Carrero, J.J.; Ortiz, A.; Martín-Ventura, J.L.; Sonmez, A.; Saglam, M.; Yaman, H.; Yenicesu, M.;
Egido, J.; Blanco-Colio, L.M. Soluble tweak plasma levels as a novel biomarker of endothelial function in
patients with chronic kidney disease. Clin. J. Am. Soc. Nephrol. 2009, 4, 1716–1723. [CrossRef] [PubMed]
133. López-Dupla, M.; Maymó-Masip, E.; Martínez, E.; Domingo, P.; Leal, M.; Peraire, J.; Viladés, C.; Veloso, S.;
Arnedo, M.; Ferrando-Martínez, S.; et al. HIV-1/HAART-related lipodystrophy syndrome (HALS) is
associated with decreased circulating sTWEAK levels. PLoS ONE 2015, 10, e0144789. [CrossRef] [PubMed]
134. Sato, S.; Ogura, Y.; Tajrishi, M.M.; Kumar, A. Elevated levels of tweak in skeletal muscle promote visceral
obesity, insulin resistance, and metabolic dysfunction. FASEB J. 2015, 29, 988–1002. [CrossRef] [PubMed]
135. Wiley, S.R.; Cassiano, L.; Lofton, T.; Davis-Smith, T.; Winkles, J.A.; Lindner, V.; Liu, H.; Daniel, T.O.;
Smith, C.A.; Fanslow, W.C. A novel tnf receptor family member binds tweak and is implicated in angiogenesis.
Immunity 2001, 15, 837–846. [CrossRef]
136. Feng, S.L.; Guo, Y.; Factor, V.M.; Thorgeirsson, S.S.; Bell, D.W.; Testa, J.R.; Peifley, K.A.; Winkles, J.A. The fn14
immediate-early response gene is induced during liver regeneration and highly expressed in both human
and murine hepatocellular carcinomas. Am. J. Pathol. 2000, 156, 1253–1261. [CrossRef]
137. Brown, S.A.; Hanscom, H.N.; Vu, H.; Brew, S.A.; Winkles, J.A. Tweak binding to the fn14 cysteine-rich
domain depends on charged residues located in both the a1 and d2 modules. Biochem. J. 2006, 397, 297–304.
[CrossRef] [PubMed]
138. Bover, L.C.; Cardó-Vila, M.; Kuniyasu, A.; Sun, J.; Rangel, R.; Takeya, M.; Aggarwal, B.B.; Arap, W.;
Pasqualini, R. A previously unrecognized protein-protein interaction between tweak and cd163: Potential
biological implications. J. Immunol. 2007, 178, 8183–8194. [CrossRef] [PubMed]
139. Moreno, J.A.; Muñoz-García, B.; Martín-Ventura, J.L.; Madrigal-Matute, J.; Orbe, J.; Páramo, J.A.; Ortega, L.;
Egido, J.; Blanco-Colio, L.M. The cd163-expressing macrophages recognize and internalize tweak: Potential
consequences in atherosclerosis. Atherosclerosis 2009, 207, 103–110. [CrossRef] [PubMed]
140. Polek, T.C.; Talpaz, M.; Darnay, B.G.; Spivak-Kroizman, T. Tweak mediates signal transduction and
differentiation of raw264.7 cells in the absence of fn14/tweakr. Evidence for a second tweak receptor.
J. Biol. Chem. 2003, 278, 32317–32323. [CrossRef] [PubMed]
141. Brown, S.A.; Richards, C.M.; Hanscom, H.N.; Feng, S.L.; Winkles, J.A. The fn14 cytoplasmic tail binds
tumour-necrosis-factor-receptor-associated factors 1, 2, 3 and 5 and mediates nuclear factor-kappab activation.
Biochem. J. 2003, 371, 395–403. [CrossRef] [PubMed]
142. Potrovita, I.; Zhang, W.; Burkly, L.; Hahm, K.; Lincecum, J.; Wang, M.Z.; Maurer, M.H.; Rossner, M.;
Schneider, A.; Schwaninger, M. Tumor necrosis factor-like weak inducer of apoptosis-induced
neurodegeneration. J. Neurosci. 2004, 24, 8237–8244. [CrossRef] [PubMed]
143. Chicheportiche, Y.; Chicheportiche, R.; Sizing, I.; Thompson, J.; Benjamin, C.B.; Ambrose, C.; Dayer, J.M.
Proinflammatory activity of tweak on human dermal fibroblasts and synoviocytes: Blocking and enhancing
effects of anti-tweak monoclonal antibodies. Arthritis Res. 2002, 4, 126–133. [CrossRef] [PubMed]
144. Saas, P.; Boucraut, J.; Walker, P.R.; Quiquerez, A.L.; Billot, M.; Desplat-Jego, S.; Chicheportiche, Y.; Dietrich, P.Y.
Tweak stimulation of astrocytes and the proinflammatory consequences. Glia 2000, 32, 102–107. [CrossRef]
145. Xu, H.; Okamoto, A.; Ichikawa, J.; Ando, T.; Tasaka, K.; Masuyama, K.; Ogawa, H.; Yagita, H.; Okumura, K.;
Nakao, A. TWEAK/Fn14 interaction stimulates human bronchial epithelial cells to produce IL-8 and GM-CSF.
Biochem. Biophys. Res. Commun. 2004, 318, 422–427. [CrossRef] [PubMed]
146. Donohue, P.J.; Richards, C.M.; Brown, S.A.; Hanscom, H.N.; Buschman, J.; Thangada, S.; Hla, T.; Williams, M.S.;
Winkles, J.A. TWEAK is an endothelial cell growth and chemotactic factor that also potentiates FGF-2 and
VEGF-A mitogenic activity. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 594–600. [CrossRef] [PubMed]
147. Enwere, E.K.; Holbrook, J.; Lejmi-Mrad, R.; Vineham, J.; Timusk, K.; Sivaraj, B.; Isaac, M.; Uehling, D.;
Al-awar, R.; LaCasse, E.; et al. Tweak and cIAP1 regulate myoblast fusion through the noncanonical NF-κB
signaling pathway. Sci. Signal. 2012, 5, ra75. [CrossRef] [PubMed]
148. Roos, C.; Wicovsky, A.; Müller, N.; Salzmann, S.; Rosenthal, T.; Kalthoff, H.; Trauzold, A.; Seher, A.;
Henkler, F.; Kneitz, C.; et al. Soluble and transmembrane tnf-like weak inducer of apoptosis differentially
activate the classical and noncanonical NF-κB pathway. J. Immunol. 2010, 185, 1593–1605. [CrossRef]
[PubMed]
149. Vázquez-Carballo, A.; Ceperuelo-Mallafré, V.; Chacón, M.R.; Maymó-Masip, E.; Lorenzo, M.; Porras, A.;
Vendrell, J.; Fernández-Veledo, S. Tweak prevents TNF-α-induced insulin resistance through pp2a activation
in human adipocytes. Am. J. Physiol. Endocrinol. Metab. 2013, 305, E101–E112. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1770 27 of 27
150. Bork, P. The modular architecture of a new family of growth regulators related to connective tissue growth
factor. FEBS Lett. 1993, 327, 125–130. [CrossRef]
151. Perbal, B. The CCN3 (NOV) cell growth regulator: A new tool for molecular medicine. Expert Rev. Mol.
Diagn. 2003, 3, 597–604. [CrossRef] [PubMed]
152. Burren, C.P.; Wanek, D.; Mohan, S.; Cohen, P.; Guevara-Aguirre, J.; Rosenfeld, R.G. Serum levels of
insulin-like growth factor binding proteins in ecuadorean children with growth hormone insensitivity.
Acta Paediatr. 1999, 88, S185–S191. [CrossRef]
153. Burren, C.P.; Wilson, E.M.; Hwa, V.; Oh, Y.; Rosenfeld, R.G. Binding properties and distribution of insulin-like
growth factor binding protein-related protein 3 (IGFBP-rP3/NovH), an additional member of the igfbp
superfamily. J. Clin. Endocrinol. Metab. 1999, 84, 1096–1103. [PubMed]
154. Martinerie, C.; Gicquel, C.; Louvel, A.; Laurent, M.; Schofield, P.N.; Le Bouc, Y. Altered expression of novH
is associated with human adrenocortical tumorigenesis. J. Clin. Endocrinol. Metab. 2001, 86, 3929–3940.
[CrossRef] [PubMed]
155. Pakradouni, J.; Le Goff, W.; Calmel, C.; Antoine, B.; Villard, E.; Frisdal, E.; Abifadel, M.; Tordjman, J.;
Poitou, C.; Bonnefont-Rousselot, D.; et al. Plasma NOV/CCN3 levels are closely associated with obesity in
patients with metabolic disorders. PLoS ONE 2013, 8, e66788. [CrossRef] [PubMed]
156. Thibout, H.; Martinerie, C.; Créminon, C.; Godeau, F.; Boudou, P.; Le Bouc, Y.; Laurent, M. Characterization
of human nov in biological fluids: An enzyme immunoassay for the quantification of human nov in sera
from patients with diseases of the adrenal gland and of the nervous system. J. Clin. Endocrinol. Metab. 2003,
88, 327–336. [CrossRef] [PubMed]
157. Perbal, B. Pathogenic potential of myeloblastosis-associated viruses. Infect. Agents Dis. 1995, 4, 212–227. [PubMed]
158. Perbal, B. Contribution of mav-1-induced nephroblastoma to the study of genes involved in human wilms’
tumor development. Crit. Rev. Oncog. 1994, 5, 589–613. [PubMed]
159. Gellhaus, A.; Dong, X.; Propson, S.; Maass, K.; Klein-Hitpass, L.; Kibschull, M.; Traub, O.; Willecke, K.;
Perbal, B.; Lye, S.J.; et al. Connexin43 interacts with nov: A possible mechanism for negative regulation of
cell growth in choriocarcinoma cells. J. Biol. Chem. 2004, 279, 36931–36942. [CrossRef] [PubMed]
160. Glukhova, L.; Angevin, E.; Lavialle, C.; Cadot, B.; Terrier-Lacombe, M.J.; Perbal, B.; Bernheim, A.; Goguel, A.F.
Patterns of specific genomic alterations associated with poor prognosis in high-grade renal cell carcinomas.
Cancer Genet. Cytogenet. 2001, 130, 105–110. [CrossRef]
161. Maillard, M.; Cadot, B.; Ball, R.Y.; Sethia, K.; Edwards, D.R.; Perbal, B.; Tatoud, R. Differential expression
of the ccn3 (nov) proto-oncogene in human prostate cell lines and tissues. Mol. Pathol. 2001, 54, 275–280.
[CrossRef] [PubMed]
162. Manara, M.C.; Perbal, B.; Benini, S.; Strammiello, R.; Cerisano, V.; Perdichizzi, S.; Serra, M.; Astolfi, A.;
Bertoni, F.; Alami, J.; et al. The expression of CCN3(nov) gene in musculoskeletal tumors. Am. J. Pathol. 2002,
160, 849–859. [CrossRef]
163. Yu, C.; Le, A.T.; Yeger, H.; Perbal, B.; Alman, B.A. Nov (ccn3) regulation in the growth plate and ccn family
member expression in cartilage neoplasia. J. Pathol. 2003, 201, 609–615. [CrossRef] [PubMed]
164. Chen, C.C.; Lau, L.F. Functions and mechanisms of action of ccn matricellular proteins. Int. J. Biochem. Cell.
Biol. 2009, 41, 771–783. [CrossRef] [PubMed]
165. Kular, L.; Pakradouni, J.; Kitabgi, P.; Laurent, M.; Martinerie, C. The ccn family: A new class of inflammation
modulators? Biochimie 2011, 93, 377–388. [CrossRef] [PubMed]
166. Martinerie, C.; Garcia, M.; Huong Do, T.T.; Antoine, B.; Moldes, M.; Dorothee, G.; Kazazian, C.; Auclair, M.;
Buyse, M.; Ledent, T.; et al. NOV/CCN3: A new adipocytokine involved in obesity-associated insulin
resistance. Diabetes 2016, 65, 2502–2515. [CrossRef] [PubMed]
167. Paradis, R.; Lazar, N.; Antinozzi, P.; Perbal, B.; Buteau, J. Nov/ccn3, a novel transcriptional target of foxo1,
impairs pancreatic β-cell function. PLoS ONE 2013, 8, e64957. [CrossRef] [PubMed]
168. Shimoyama, T.; Hiraoka, S.; Takemoto, M.; Koshizaka, M.; Tokuyama, H.; Tokuyama, T.; Watanabe, A.;
Fujimoto, M.; Kawamura, H.; Sato, S.; et al. Ccn3 inhibits neointimal hyperplasia through modulation of smooth
muscle cell growth and migration. Arterioscler. Thromb. Vasc. Biol. 2010, 30, 675–682. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
